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Volatile Chemistry, and Nitrogen Sources and Fluxes, in Subduction Zones: Insights
from the Izu-Bonin-Mariana Arc
Euan C. Mitchell
M.E.Sci., Geology, University of Liverpool, 2005
M.S., Earth and Planetary Sciences, University of New Mexico, 2007
ABSTRACT
A systematic study of the geochemistry of volatiles being emitted from the active
volcanic front of the Izu-Bonin-Mariana (IBM) arc was undertaken in order to investigate
the sources, flux, and mass balance of nitrogen across this ‘cool’ convergent margin. The
IBM arc is an ideal location to study volatile recycling in subduction zones as it is an
intra-oceanic convergent margin (IOCM), where the entire sedimentary sequence is
subducted and where a number of parameters, including sediment composition, slab dip
and slab age, vary systematically along strike of the arc.
Volcanic emissions are typical of convergent margin volcanoes, and are dominated by
H2O, CO2 and S species. Most samples have high N2/He and low CO2/N2,exc., due to
addition of sedimentary nitrogen from the subducting slab. This is confirmed by δ15N
values, which are generally positive – up to +5.5‰. Quantitative mixing calculations
indicate that, after correction for atmospheric contamination, an average of 75% of
nitrogen is sediment-derived.
Estimates of the volcanic front flux of sediment-derived nitrogen range from 0.12x108
mol a-1 N2 to 1.11x108 mol a-1 N2, representing 2-17% of the total nitrogen input flux, or
5-51% of the sedimentary nitrogen input flux. These results suggest a large fraction of the
subducted nitrogen is delivered to the mantle, in contrast to studies of the relatively
‘warm’ Central American arc, where the majority of nitrogen appears to be recycled to
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the atmosphere. A major conclusion of the current study is that convergent margin
thermal regime is likely the dominant control on the efficiency of nitrogen recycling in
subduction zones.
A secondary finding from this study, based on correlations between δ15N values and
various trace element and radiogenic isotope ratios, is that slab-derived nitrogen is
sourced from subducting sediments but transported into the mantle wedge by an aqueous
fluid derived from dehydration of the altered oceanic crust. It is suggested here for the
first time that both an aqueous fluid and a sediment melt are involved in the genesis of
Izu arc magmas.
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1. Introduction
Subduction zones are among the most complex geodynamic expressions of the plate
tectonic system. They represent the primary agent of mass transfer between the Earth’s
interior and exterior reservoirs, and thus exert the dominant control over the long-term
geochemical evolution of the Earth (Stern, 2002). The consumption of lithospheric plates
at subduction zones drives partial melting in the overlying mantle wedge, ultimately
leading to the creation of new continental crust. The residual slab material is transported
into the mantle, where it may contribute to the upper mantle source region of MOR
basalts, or may descend through the transition zone to the lower mantle, and potentially
be recycled in the source of mantle plumes (Stern, 2002). Subduction zones are thus one
of the main controls on the distribution of elements within, and transport of elements
between, the various Earth reservoirs. Sinking slabs provide most of the driving force for
plate motion, and influence whether mantle convection occurs on a layered or whole
mantle scale (Stern, 2002). The return of material to the surface through arc volcanism
may have generated our atmosphere (Holland, 1984; Robock 2000) and has significant
implications for natural climate change. For example, volatiles such as CO2 and SO2 have
the potential to cause both short- and long-term global warming and cooling (Robock,
2000). Society is profoundly impacted, both beneficially and detrimentally, by
subduction zones through the creation of economically important ore deposits, the threat
from volcanoes, earthquakes and tsunamis, and the very creation of the continents upon
which we live (Stern, 2002). In spite of their importance, and due primarily to their
complexity, many aspects of the workings of the so called ‘subduction factory’ remain
unresolved.
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Subduction zones are the major control on the distribution of elements between the
various internal and external terrestrial reservoirs, and this distribution is largely
controlled by the mass balance of elements. Investigations into elemental mass balance
have not been systematic, with certain elements being relatively well constrained and
others poorly known if at all. For example, it is commonly accepted that there exists a
noble gas ‘subduction barrier’, leading to the recycling of volatiles such as He and Ar to
the atmosphere (Staudacher & Allègre, 1988; Hilton et al., 2002). In contrast, the input
flux of CO2 is far greater than the output flux, suggesting that CO2 is efficiently returned
to the deep mantle (Kerrick & Connolly, 1998, 2001a, 2001b). The case for water is not
as clear, where arc output exceeds the amount of water available in the zone of magma
generation (Schmidt & Poli, 1998). The source of this ‘excess’ water is unresolved
(Hilton et al., 2002) and the global water budget, especially with respect to the deep Earth
water cycle, is the subject of considerable current research (e.g. Hirschmann, 2006 and
references therein).
Studies of N2 recycling have until relatively recently lagged behind those of other
volatile species such as CO2 and the noble gases. However, in the last several years much
attention has been focused on understanding the N2 systematics of the Central American
Volcanic Arc (CAVA), the counterpart MARGINS Focus Site to IBM. This work
suggests that a subduction barrier exists in the CAVA, with the majority of subducted N2
being recycled to the atmosphere (Fischer et al., 2002; Zimmer et al., 2004; Elkins et al.,
2006).
Constraints on the amount of nitrogen degassing from the mantle and being recycled
to the atmosphere through subduction zones are a crucial component of models (e.g.

-2-

Javoy, 1997; 1998; Tolstikhin & Marty, 1998; Marty & Dauphas, 2003) that seek to
explain the isotopic imbalance between the Earth’s internal (i.e. depleted mantle: δ15N ~ 5‰ (e.g. Marty & Dauphas, 2003)) and external (i.e. atmosphere: δ15N = 0, crust &
sediments: δ15N ~ +7‰ (Peters et al., 1978)) reservoirs (Busigny et al., 2003). Efficient
recycling between atmosphere and mantle will homogenize the isotopic composition of
these reservoirs, as is the case for carbon and sulphur (Hilton et al., 2002). In contrast, the
large discrepancy between atmospheric and mantle

40

Ar/36Ar is consistent with a

subduction barrier for the noble gases (Staudacher & Allègre, 1988).
The nitrogen isotope composition of the various reservoirs is harder to interpret. The
source of both MORB and diamonds seems to have the same isotopic composition, ~ 5‰ (Marty & Dauphas, 2003), implying little recycling of nitrogen over the few Ga
timescale of diamond formation and storage (Hilton et al., 2002). Recent studies of the
Central American arc (Fischer et al., 2002; Zimmer et al., 2004; Elkins et al., 2006) seem
to support this, suggesting that, at least for that particular margin, the majority of
subducted nitrogen is returned to the atmosphere via arc volcanism, and is not recycled to
the mantle. However, this is in contrast to studies of high-pressure (HP) and ultra-highpressure (UHP) oceanic metasediments from the Western Alps, which conclude that in a
‘cold’ subduction environment (as currently exists in most western Pacific subduction
zones such as the Kamchatka-Kurile-Honshu and Izu-Bonin-Mariana systems (Peacock,
2003), but not CAVA) nitrogen is retained in the subducted sediments, at least to the
depths of arc magma genesis (Busigny et al., 2003). High nitrogen concentrations in UHP
metamorphic diamonds (Busigny et al., 2003), and the discovery of positive δ15N values
in plume-related volcanic rocks (e.g. the Kola magmatic province, Loihi Seamount,
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Hawaii), support the contention that sedimentary nitrogen can be recycled into the deep
mantle (Dauphas & Marty, 1999; Marty & Dauphas, 2003; Fischer et al., 2005). This
thesis aims to complement the existing work on the CAVA and characterize the mass
balance of N2 across a relatively ‘cool’ convergent margin, the Izu-Bonin-Mariana
subduction system.
Arc lavas display distinctive trace element signatures, including characteristic
enrichments of Pb and the large ion lithophile elements (LILE) relative to the high field
strength elements (HFSE) and rare earth elements (REE) (e.g., Kay, 1984; McCulloch &
Gamble, 1991; Miller et al., 1994). This variable enrichment in arc lavas was the basis for
the modern paradigm of arc magma genesis; that dehydration of the subducting slab
fluxed the overlying mantle wedge, leading to partial melting and the characteristic
‘subduction component’ signature of arc lavas (e.g., Tatsumi et al., 1986; Tatsumi, 1989;
Edwards et al., 1993; Hawkesworth et al., 1993; Arculus, 1994). In the last 10 to 15 years
that generic ‘subduction component’ has been resolved into specific contributions from
the subducting oceanic crust and overlying sedimentary veneer (e.g., Plank & Langmuir,
1993; Elliott et al., 1997; Hawkesworth et al., 1997; Turner et al., 1997). The presence of
a sediment-derived component has been clearly demonstrated through Pb isotopes (Kay
et al., 1978; White & Dupré, 1986) and the presence of 10Be in some arc magmas (Tera et
al., 1986; Morris et al., 1990). However, the number of subducted components, and the
mechanism(s) by which they are transferred to the mantle wedge, remains unclear. Some
studies suggest a single composite fluid sourced from oceanic crust and sediments
(Straub et al., 2004), whilst others have explicitly implied the involvement of a sediment
partial melt (e.g. Elliott et al., 1997; Turner et al., 1997), and Class et al. (2000) argue for
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three distinct subduction components. Resolving the subduction component into discrete
additions, and identifying the transport mechanisms of those components, is critical for
attempting to mass balance element fluxes at arcs. The use of stable isotope data (δ15N
and δ34S), in conjunction with the more traditionally used trace element and radiogenic
isotope data, may provide additional information on these issues and help to unravel the
behaviour of nitrogen and sulphur in arcs.
A number of factors combine to make the Izu-Bonin-Mariana arc an ideal place to
study volatile recycling in subduction zones. Firstly, the lack of an accretionary wedge
means that the volume of sediment being subducted beneath the arc can be more
accurately constrained than for many other arcs. Secondly, the composition of the
sediment being subducted is well characterized on the basis of a number of Deep Sea
Drilling

Project/Ocean

Drilling

Program

(DSDP/ODP)

drillholes,

and

varies

systematically along strike of the arc: an approximately 200 m thick volcaniclastic
turbidite sequence is present in the south but absent in the north. Thirdly, the thin crust of
the overlying plate (~ 20 km) means that crustal contamination is much less than for arcs
built on continental crust, such as the Andes. Finally, a number of parameters, in addition
to sediment composition, vary systematically along strike of the arc, for example slab dip
and crustal age (Stern et al., 2003). In addition, a sediment melt component has been
proposed in the source of Mariana arc lavas (Elliott et al., 1997), whilst Izu-Bonin arc
lavas are interpreted to contain only an aqueous fluid component in their source (Taylor
& Nesbitt, 1998; Hochstaedter et al., 2001; Straub et al., 2004) (see Section 2.2. for
details).
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2. Background
2.1. Geological Setting
The Izu-Bonin-Mariana (IBM) arc is the type example of an intra-oceanic convergent
margin (IOCM). It is located in the western Pacific, where the Pacific Plate subducts
westward beneath the Philippine Sea Plate, and stretches ~ 2800 km from near Tokyo,
Japan (~ 35ºN), to beyond Guam, USA (~ 11ºN) (Fig. 1). The IBM trench terminates in
the north at the only example of a trench-trench-trench triple junction on Earth, where the
IBM, Japan and Sagmai trenches intersect, although the active arc follows the Nankai
Trough onto southern Honshu (Stern et al., 2003). The southern boundary of the arc is
taken to be the Challenger Cusp, beyond which point active arc volcanism has ceased.
The boundaries between the Izu and Bonin, and Bonin and Mariana, segments of the arc
are defined as the Sofugan Tectonic Line (STL) (~ 30ºN) and the northern extent of the
Mariana Trough back-arc basin (~ 23ºN) respectively (Stern et al., 2003) (Fig. 1).
Although the mechanism by which subduction was initiated remains unclear, inception
of the IBM system had occurred by at least 49-48 Ma (Cosca et al., 1998), pre-dating the
change in Pacific plate motion at ~ 43.5 Ma originally thought to have been responsible
for subduction initiation from a pre-existing transform system between the Pacific and
Philippine Sea plates (Stern & Bloomer, 1992; Bloomer et al., 1995). Magmatism ceased
at 29 Ma (Mariana) and 27 Ma (Izu-Bonin) as the arc was rifted away to be preserved as
the Palau-Kyushu Ridge (Taylor, 1992). Forearc rifting developed into backarc spreading
to form the Parece Vela and Shikoku Basins (Fig. 1). A new arc began to develop
following cessation of rifting, although volcanism was relatively quiescent until a
resurgence at 20-17 Ma (Taylor, 1992). Collision of the northernmost part of the arc with
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Figure 1: Bathymetric map of the Izu-Bonin-Mariana arc system. Black boxes denote the areas depicted in
Figure 2. STL = Sofugan Tectonic Line. Original figure taken from www.soest.hawaii.edu.

the island of Honshu occurred at ~ 15 Ma (Stern et al., 2003). Another episode of rifting
began in the Mariana arc at ~ 7 Ma and backarc spreading began to separate the remnant
arc from the currently active arc at 4-3 Ma, forming the West Mariana Ridge and Mariana
-7-

Trough (Fig. 1) (Taylor, 1992). Forearc rifting has begun in the Izu-Bonin arc but has yet
to develop into backarc spreading, resulting in much older volcanoes in the north (up to ~
25 Ma) than in the south (max. 4-3 Ma) (Taylor, 1992).
2.2. Existing Geochemical Models
Volcanic front lavas from both the Izu-Bonin and Mariana arcs are highly depleted in the
high field strength elements (HFSE) and heavy rare earth elements (HREE), as reflected
in ratios such as Ta/Nb and Zr/Nb (Elliott et al., 1997; Taylor & Nesbitt, 1998). These
elements are not fluid mobile, nor are they enriched in pelagic sediments, therefore they
should retain the ratios of the mantle wedge source from which they were derived
(Hochstaedter et al., 2001). That these ratios are relatively constant along strike of the arc
suggests that the lavas are all derived from similar melt fractions of a mantle wedge that
has experienced a previous episode of fractional melting (Elliott et al., 1997; Taylor &
Nesbitt, 1998).
In contrast to the HFSE ratios, a number of geochemical indices show inter-island
variation within the Mariana arc, and Elliott et al. (1997) used these variations to identify
two end-member lava compositions, relating to two discrete slab additions. One endmember, represented by lavas from Agrigan (Fig. 2a), has the smallest 238U-excesses,
least radiogenic 143Nd/144Nd, largest negative Ce and Nb anomalies, and the highest
Th/Nb and La/Sm ratios (Elliott et al., 1997). The other end-member, represented by
Guguan lavas (Fig. 2a), has the largest 238U-excesses, low Ce/Pb and high Ba/La and
Ba/Nb ratios (Elliott et al., 1997). On the basis of these geochemical characteristics,
Elliott et al. (1997) proposed that the Agrigan lavas were most consistent with a
dominantly sedimentary contribution, most likely a sediment melt on the basis of Th/Nb,
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and that this component is responsible for raising the abundances of most incompatible
elements. The Guguan lavas were interpreted as being representative of an aqueous fluid
phase, most likely from the altered oceanic crust (AOC) on the basis of Pb and Sr isotope
ratios, which has a significant effect on the Ba, Sr, Pb and Ra budgets, and a smaller
effect on K, Rb and U (Elliott et al., 1997). Furthermore, the geochemical characteristics
of the other islands in the arc can be explained by assuming a near-constant aqueous fluid
flux along the arc, and variable addition of the sediment melt component (Elliott et al.,
1997). This interpretation is further supported by highly variable 238U-230Th disequilibria,
and the correlation between 238U-excesses and fluid tracers (Elliott et al., 1997).

Figure 2a: Location map of the Mariana segment of the arc. Sampled islands are labeled in red. Black
triangles are active centres of the volcanic front. The trench is shown by the heavy black line, teeth are on
the overriding plate. After Ishikawa and Tera (1999).
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A more recent study of melt inclusions (M.I.) from the islands of Agrigan and Guguan
supports many of the interpretations of Elliott et al. (1997), and confirms these islands as
the sediment-melt and slab-fluid end-members respectively, although M.I. trace element
compositions are more variable than in lavas from the corresponding islands (Kent &
Elliott, 2002). A major conclusion deriving from this variability is that melts produced
within the same melting system (i.e. beneath a single island) can be far more variable
than the compositions of lavas erupted at the surface (Kent & Elliott, 2002). Furthermore,
preservation of this variability in melt inclusions suggests that these different melts can
remain discrete and separate until a very late, potentially shallow, stage (Kent & Elliott,
2002). There is also some evidence that heterogeneity may exist in the sedimentary
component added to the sub-arc mantle, although more data is needed to confirm this
(Kent & Elliott, 2002).
In the Izu-Bonin arc, Taylor and Nesbitt (1998) noted a northward increase in Ba/Zr,
Ba/Rb and

87

Sr/86Sr, suggesting a variable, fluid-mediated enrichment in Ba and

radiogenic Sr. Pb isotopes provide further constraints on the fluid source because Taylor
and Nesbitt (1998) interpret the limited variation in Nb/Pb ratios of Izu lavas, at a range
of

206

Pb/204Pb values, as evidence that the arc is saturated with respect to Pb, and

therefore that the Pb isotope ratio of the lavas is a direct reflection of the isotopic
composition of the metasomatising fluid. Therefore, on the basis of

206

Pb/204Pb ratios,

they identify an increasing AOC influence in the order: Aogashima – Torishima –
Oshima – Hachijojima – Miyakejima (Taylor & Nesbitt, 1998) (Fig. 2b). Mixing models
suggest that a ~ 0.5-1.5% addition of fluid, with ~ 0.5-3.0% of that fluid being sediment-

- 10 -

derived, accounts for the Pb and Sr isotopic composition of the Izu lavas (Taylor &
Nesbitt, 1998).

Figure 2b: Location map of the Izu-Bonin segment of the arc. Sampled islands are labeled in red. Black
triangles are active centres of the volcanic front. The trench is shown by the heavy black line, teeth are on
the overriding plate. After Straub and Layne (2002).

A similar model is presented by Hochstaedter et al. (2001), who also invoke a single
slab fluid without an additional sediment-melt component. A fluid derived from the AOC
and sediment in the ratio 88:12 can explain most of the slab-derived geochemical
characteristics of the volcanic front lavas (Hochstaedter et al., 2001). Although the
authors concede that no model can quantitatively explain the behaviour of both fluidmobile and fluid-immobile elements, and specifically that Th is not sufficiently enriched
at the volcanic front, a sediment-melt component is rejected on the basis of a lack of
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correlation between the strongest sediment proxies, such as εNd, Th/Nb and Ce/Ce*
(Hochstaedter et al., 2001).
Straub et al. (2004) analyzed volcanic glasses in distal fallout tephras from the Izu
volcanic front on the premise that glasses record true liquid compositions, as opposed to
whole rock lava compositions, which can be biased by unknown proportions of
phenocrysts. Despite the discrepancy in sampling media, the model of Straub et al. (2004)
is remarkably similar to those of Taylor and Nesbitt (1998) and Hochstaedter et al.
(2001), calling on a single composite aqueous fluid that is derived ~ 95% from
metabasalt and ~ 5% from metasediment. As with the model of Taylor and Nesbitt
(1998), geochemical variations are ascribed to variable proportions of this fluid in the
mantle source, ranging from ~ 0.8 to ~ 3.7% and averaging ~ 1.6% (Straub et al., 2004),
comparing well with Taylor and Nesbitt’s (1998) ~ 0.5 to 1.5% fluid addition.
A detailed investigation of the U-Th-Pb systematics of AOC at ODP Site 801 outboard
of the arc, and mass balance considerations, supports the interpretation that Pb is AOCsourced (Kelley et al., 2005). Depending on magma production rates, 44-75% of Pb, but
< 10% of U, is lost from the AOC to the arc, with a further 10-23% of Pb and 19-40% of
U being lost to the back-arc, sufficient to allow recycled AOC to be a source for OIBs
(Kelley et al., 2005). This study also revealed that Pb is lost at relatively shallow depths
(i.e. beneath the arc), but that U is lost dominantly beneath the back-arc or deeper.
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3. Sampling and Analytical Techniques
3.1. Sampling Methods
Gas, vapour condensate, water and rock samples were collected from five islands in the
Izu-Bonin chain (Niijima, Shikinejima, Oshima, Hachijojima and Aogashima), as well as
from the Hakone volcanic centre on the island of Honshu (Fig. 2b), between July 15th and
August 9th 2005. Gas samples were also collected from the islands of Uracas, Pagan,
Agrigan and Alamagan in the Mariana arc, and rock samples were collected from these
islands and also from Maug, Asuncion, Guguan, Sarigan and Anatahan (Fig. 2a) during a
separate expedition conducted by a team including T. Fischer, D. Hilton, E. Hauri and
their graduate students.
All gas samples were collected in evacuated, ~ 200mL pyrex flasks (‘Giggenbach
bottles’) containing ~ 60mL of 5N NaOH solution. Fumarolic gases were collected by
inserting a titanium tube into the fumarole and connecting the titanium tube to the flask
with silicon tubing. Bubbling spring samples were collected by placing an inverted
plastic funnel over the bubbles and connecting the funnel to the flask with silicon tubing.
Geothermal wells were sampled by inserting a titanium tube into the well pipe and
connecting the tube to the flask with silicon tubing, or by using a steam separator. At all
sites the sampling equipment was flushed with sample gas for at least 5 minutes before
collecting the sample.
Vapour condensates were collected at certain localitites using a glass condenser cooled
with water. Condensed steam was then transferred to 60mL polypropylene NalgeneTM
bottles.
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Geothermal water samples were collected from all the sampled geothermal wells.
Water samples were taken in duplicate in 60mL polypropylene NalgeneTM bottles, with
one sample being acidified with nitric acid to prevent precipitation of metals.
Temperature and pH were measured at each sampling locality using a thermocouple
and pH paper respectively.
A variety of rock samples, including scoria, ash, lava and volcanic bombs, were
collected from each island for sulphur isotope analysis, and for later separation of olivine
phenocrysts for nitrogen isotope analysis.
3.2. Gas Chemistry Analysis
Chemical analysis of all gas samples was conducted in the Volcanic and Geothermal
Fluid Analysis Laboratory at the University of New Mexico. Samples from the Mariana
Islands were analyzed by J.M. de Moor. All other samples were analyzed by the author.
Headspace gases were analyzed by gas chromatography using a Gow-Mac Series 600
gas chromatograph (GC) (Giggenbach & Goguel, 1988; Zimmer et al., 2004). The GC
consists of a Hayes Sep pre-column and two 5Å molecular sieve columns to separate the
gas species. One column is 30 m long, uses H2 as a carrier gas, is connected to an O2 trap
held at 125ºC, and separates Ar, N2, CH4 and CO. The O2 trap is a 1/8” diameter, 1 m
long molecular sieve column. The second column is 50 m long, uses Ar as a carrier gas
and separates H2, He and O2. After separation, the gases are measured in series, first on a
non-destructive thermal conductivity detector (TCD) for the analysis of Ar, N2, He, H2
and O2, and then after passing through a ruthenium-catalyst methanizer for the
conversion of carbon species to CH4, on a flame ionization detector (FID), for analysis of
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CO and CH4 (Zimmer et al., 2004). Splits of the headspace gases were collected in glass
breakseals for nitrogen isotope analysis.
Caustic solutions were analyzed using wet chemical techniques to measure dissolved
acid gas species. Carbon dioxide was measured by titration with 0.1N HCl from pH 8.3 to
pH 3.8. Total sulphur was measured gravimetrically as BaSO4 after addition of BaCl2,
and sulphur oxidation state was determined using an alkaline iodine titration. Chloride
was measured by Mohr titration using 0.1N AgNO3, and ammonia and fluoride were
measured with anion specific electrodes. Water contents were calculated as the difference
between sample bottle pre- and post-sampling weights, minus the weights of all other
species. Wet chemistry techniques are described more fully in Giggenbach and Goguel
(1988).
3.3. Ion Chromatography
Caustic solutions were also analyzed in the Analytical Chemistry Laboratory at the
University of New Mexico for chloride, bromide, fluoride and sulphate by ion
chromatography on a Dionex DX500 following sample pre-treatment with Dionex
OnGuard® II H cartridges for removal of hydroxyl groups. The caustic solution was first
diluted to a concentration of 0.38N NaOH or less to avoid oversaturating the cartridges
before a suitable volume of sample had been flushed through. The cartridges were then
flushed with 10 ml of DI water before 5 ml of sample was pushed through at a flow rate
of ~ 4 ml/min. The first 2 ml were discarded to avoid accidental dilution by the DI water
and the remaining 3 ml of sample was loaded onto the IC for analysis. A comparison of
wet chemistry and IC results is presented in Section 4.3..
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3.4. Nitrogen Isotope Analysis
Nitrogen isotope analyses were conducted in the Stable Isotope Laboratory at the
University of New Mexico on a Finnigan Mat Delta Plus continuous flow mass
spectrometer with a Finnigan Mat Gas Bench interface (Fischer et al., 2002; Zimmer et
al., 2004). Helium carrier gas was used at a flow rate of 0.9 mL/min. The breakseal
headspace was evacuated and filled with helium before the sample was introduced into
the mass spectrometer. Sample gas was passed through a NAFIONTM water trap, into a
Hayes Sep D 5Å molecular sieve column via a 50 μL sample loop on a six-port valve,
and through a second NAFIONTM water trap before being introduced into the mass
spectrometer. Reported values are the mean of between 3 and 7 measurements.
During analysis it was observed that there was a tendency for sample values to drift
over time, raising concerns that the sample may have been fractionating when the
breakseal was broken and the sample released into the evacuated headspace. As a
consequence a new technique was developed, involving cracking a glass sample tube
inside an evacuated steel tube-cracker. Details on this new technique can be found in
Newell (2007). Analysis of sample Ons-1 by this new technique returned a value
indistinguishable within error from that reported here.
3.5. Sulphur Isotope Analysis
Sulphur for isotope analysis was extracted from both gas and rock samples. For gas
samples with sufficiently high sulphur contents, ~ 0.1-0.3 mg of BaSO4 precipitated for
the gravimetric analysis of total sulphur was analyzed. In addition, a small number of
rock samples were analyzed following extraction of sulphur by reaction with “Kiba
reagent” (tin (II) strong phosphoric acid), following the methods of Sasaki et al. (1979)
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and de Moor (2005). “Kiba reagent” is prepared by heating 300 ml of concentrated
phosphoric acid to 250ºC for one hour in a 500 ml pyrex flask. Once the phosphoric acid
is fully dehydrated (exsolution of volatiles has ceased) the acid is allowed to cool to at
least 150ºC. 30-40 mg of tin (II) chloride is added and the mixture brought up to 280ºC
within an hour. During preparation exsolved volatiles are flushed from the flask by a
constant stream of nitrogen. Each sample was rinsed, powdered and 10 g were reacted
with 100 ml “Kiba reagent” in a 500 ml pyrex reaction vessel heated to 280ºC and kept at
that temperature until exsolution of volatiles had ceased. All sulphur in the sample is
reduced to sulphide and driven off as H2S. A constant stream of nitrogen is flushed
through the reaction vessel. Exsolved volatiles are bubbled through 2 L of deionized
water to scrub out chlorine and then through 50-80 ml of zinc acetate solution in a large
test tube to precipitate zinc sulphide. Approximately 10 ml of 0.1N silver nitrate is then
added to the zinc sulphide to precipitate Ag2S (Sasaki et al., 1979). Zinc acetate solution
is prepared by dissolving 40 g of zinc acetate dihydrate in 100 ml deionized water in a 1
L volumetric flask, adding 30 ml of glacial acetic acid and diluting to 1 L with deionized
water (Sasaki et al., 1979). Ag2S is combusted with Cu2O under a continuous He flow in
an elemental analyzer (EA) at 1040ºC to release SO2 for isotope analysis on a Finnigan
Mat Delta Plus continuous flow mass spectrometer (de Moor, 2005).
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4. Results
4.1. Gas Chemistry
A total of 29 volcanic and geothermal gas samples from eight different centres in the IzuBonin-Mariana arc were collected over the course of two sampling expeditions. The
chemical composition of the samples, along with sample information, is reported in Table
1. The gases are dominated by water, carbon dioxide and the sulphur species. Water
contents are reported in mmol/mol total gas and all other species in mmol/mol dry gas.
The sulphur, hydrogen chloride and hydrogen fluoride concentrations reported here are
those measured by ion chromatography. A comparison of the results generated by wet
chemical techniques and IC analysis is presented in Section 4.3..
As is typical of subduction zone volcanoes, the gases are dominated by water, with
most samples containing > 99% H2O and, with the exception of samples from the
University of Tokyo Observation Well (Uto) and Jinata Hot Springs (Jin), only two
samples containing < 95% H2O. Samples Uto-1/Uto-2 and Jin-1/Jin-2 have anomalously
low water contents, most likely due to the very small sample size (< 5g), which greatly
increases the risk of errors in calculating water contents (Giggenbach & Matsuo, 1991).
Water contents are not reported for geothermal well samples where water was
deliberately allowed into the flask during sampling to collect gas dissolved in the water.
The remaining well samples (Geo-1/Geo-2) have water contents (990 mmol/mol)
indistinguishable from the fumarole samples.

- 18 -

- 19 -

- 20 -

Carbon dioxide concentrations range from 505 to 973 mmol/mol in fumarolic samples,
344 to 966 mmol/mol in geothermal well samples, and 827 to 909 mmol/mol in the
bubbling spring samples. The lowest CO2 concentrations (< ~ 550 mmol/mol), such as
samples Uto-1, Uto-2 and Aog-1, are associated with severely air-contaminated samples.
However, the samples from Hakone also display relatively low CO2 concentrations of ~
500 to 700 mmol/mol, in this case due to the very high sulphur contents (> 200
mmol/mol) which drive the relative CO2 concentrations down. There is no systematic
variation in CO2 content as a function of sampling media.
Total sulphur concentrations vary over nearly three orders of magnitude, and also vary
as a function of sample type. The fumarole samples span the largest range, from 0.55 to
436 mmol/mol. The geothermal well samples also define a large range (0.48 to 219
mmol/mol), with the majority of samples in the range ~ 50 to 150 mmol/mol. The
bubbling spring samples are similar to the low-sulphur fumarole samples (~ 1
mmol/mol). Looking at these results more closely, a number of patterns appear. The
fumarole samples generally define two groups, the sulphur-rich Hakone samples (> 200
mmol/mol) and the sulphur-poor Aogashima and Pagan samples (< 10 mmol/mol), with
Agrigan being intermediate (50 – 100 mmol/mol). One possible explanation for the low
sulphur samples is that the relative concentrations are driven down by severe air
contamination. However, the N2-He-Ar systematics for these samples shows that,
although Aog-1, Aog-3 and Aog-3a are air contaminated, the rest are not. Another
possibility is analytical error. The determination of total sulphur in the Hakone and
Aogashima samples was made by both ion chromatography (reported here) and by
precipitation of BaSO4, with both methods returning very similar results (see Section
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4.3.). As such, analytical error is discounted, and the excellent correlation between IC and
wet chemical results suggests that the Pagan data (collected by precipitation only) should
be reliable. Thus it is concluded that these results are due to the natural variability of the
samples. One explanation for this variation is that the Hakone samples are dominantly
magmatically derived, whilst the Aogashima and Pagan samples have experienced
considerable groundwater interaction in a hydrothermal system, which can lower total
sulphur concentrations (Giggenbach, 1996; Giggenbach et al., 2001).
The geothermal well samples define only a slightly narrower range of sulphur
concentrations than the fumarole samples. The high sulphur well samples are almost
exclusively from localities where water from the well was allowed into the flask during
sampling, and it is concluded that the high sulphur contents are most likely the result of
sulphate in the water (for these samples it may be more appropriate to assume all sulphur
is in the oxidized not reduced form). The only exception is the samples from the
Hachijojima Power Plant (Geo-1/Geo-2), which are high temperature samples with
chemistries more similar to the Hakone fumaroles than the other well samples, i.e. similar
CO2/Stotal, SO2/H2S and high H2 concentrations. The remaining well samples (Uto-1/Uto2) are probably representative of the original geothermal volatiles (i.e. those not affected
by excess water). The bubbling spring samples are similar to Uto-1 and Uto-2.
For samples with no SO2 concentration reported the average oxidation state
calculations returned a negative value for one component and all sulphur is assumed to be
present in the reduced form H2S.
Hydrogen chloride is highly soluble in aqueous fluids (Giggenbach et al., 2001) and
thus HCl concentrations are not reported for geothermal well samples where water was
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allowed into the sampling flask, as the high Cl contents of the water mask the original
volatile concentration. HCl concentrations of fumarole and well samples vary over an
order of magnitude, from 1 to 12 mmol/mol, with no distinction between sample type.
This variability is consistent with studies of volcanic gas sampling and analytical
uncertainties, which identify HCl (and HF) as the species with the greatest degree of
scatter (e.g. Giggenbach & Matsuo, 1991; Giggenbach et al., 2001). The two bubbling
spring samples, Jin-1 and Jin-2, display anomalously high values of 30 and 19 mmol/mol
respectively.

Figure 3: CO2-Stotal-HCl ternary plot showing the typical fields for geothermal and magmatic gases.
Symbol key: Black = fumaroles, green = bubbling springs, red = geothermal wells. Symbols in red outline
on the CO2-Stotal axis are geothermal well samples where water was allowed into the sampling flask and no
HCl concentration is recorded. After Giggenbach (1996).

The relative concentrations of CO2, Stotal and HCl can be used to classify gases as
either magmatically or hydrothermally derived (Giggenbach, 1996) (Fig. 3). Given the
generally low temperatures of the samples (< 100ºC), and the abundance of geothermal
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wells sampled, the number of samples plotting in the ‘magmatic gas’ field is surprising.
Many of these are the well samples which contained excess water, resulting in elevated
sulphur contents as described above. Of the remaining samples, those plotting nearest the
Stotal axis are the Hakone samples which are very sulphur-rich, as discussed above, and
the power plant samples which are similar in character to the Hakone samples.
The results for hydrogen fluoride also display a lot of variability. Fumarole samples
vary from 0.003 to 1.8 mmol/mol, although the range drops to 0.2 to 1.8 mmol/mol for
the Izu samples alone. Well samples cover the range 0.3 to 10 mmol/mol, and the spring
samples are both 0.1 mmol/mol. Two features stand out in these data. The first is the very
low concentrations (0.003 to 0.005 mmol/mol) observed in the Mariana data relative to
all other samples, regardless of sampling media. This is most likely the result of the
different analytical techniques used. The Izu data reported here were obtained by ion
chromatography, whereas the Mariana data were obtained by use of anion specific
electrodes. As will be discussed in a later section, a comparison of the two techniques
found that ion chromatography returned consistently higher concentrations. The second
feature of the dataset is the high concentrations found in the majority of geothermal well
samples. Seven of the eight highest HF concentration samples are the seven samples for
which water was allowed into the flask during collection. Therefore it is concluded that
this water has elevated the HF concentration above that of the original volatile phase. The
remaining samples all fall in the range 0.1 to 1.8 mmol/mol, regardless of sample type.
As discussed above, this variability is consistent with studies of volcanic gas sampling
and analytical uncertainties, which identify HCl and HF as the species with the greatest
degree of scatter (e.g. Giggenbach & Matsuo, 1991; Giggenbach et al., 2001).
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The last of the acid gas species is ammonia. Fumarole samples range from 0.01 to 3.05
mmol/mol, but only 0.1 to 0.9 mmol/mol ignoring the Mariana data and a single outlier
(Aog-1). Well data falls in the range 0.1 to 1.9 mmol/mol and spring data from 0.1 to 0.6
mmol/mol. The most striking trend is the large discrepancy between Mariana and Izu
data, with the Mariana data being far lower. Again this is most likely an analytical
problem as the two sets of samples were analyzed at different times. Achieving a
reproducible calibration curve for ammonia was very difficult due to continual, and often
significant, drift of the electrode over periods of only 15-20 minutes. Achieving a single
calibration curve for the few hours it took to analyze all the Izu samples was impossible.
The only outlier in the Izu data is sample Aog-1, which has twice the concentration of the
next highest sample. There is no apparent cause for this and again analytical error seems
the most likely explanation.
Of the inert gases collected N2 is the most abundant, followed by H2, except for air
contaminated samples with high O2 concentrations. N2 concentrations range from 1.3 to
540 mmol/mol, with the highest concentrations (> 100 mmol/mol) being restricted to
severely air contaminated samples.
The inert gases, especially N2, Ar and He, can be used to classify gases in terms of
major source components (Giggenbach, 1996). This is illustrated in a ternary plot of these
three species (Fig. 4). As shown in this figure the majority of samples fall within the ‘arctype’ gas field, as a result of addition of sedimentary nitrogen. The only two samples that
conclusively lie in the mantle-derived field are those from Agrigan in the Mariana arc.
All samples are shifted towards the N2-Ar axis, demonstrating that they are affected to
some degree by air contamination, and a number of geothermal well samples cluster
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around the air-saturated water field. This suggests either a problem with the sampling
method or that air was mixing with the gas in the hydrothermal system or pipe before
sampling. The remaining samples display no clear trends or differences between different
sampling media. The implications of these results will be returned to in Section 6.1..

Figure 4: N2-He-Ar ternary plot showing fields for mantle-derived and 'arc-type' gases, as well as N2-Ar
ratio of air (83) and air-saturated groundwater (ASW) (45). Symbols as for Figure 3. After Giggenbach
(1996).

Certain trace gases, most notably CO and He, were below the detection limits of the
GC detectors in a number of samples. These samples are identified in Table 1 with a ‘<’
symbol, indicating a maximum concentration of that species, calculated using the
following pre-determined GC detection limits (Simoes & Fischer, unpublished data): CH4
= 0.0012 mb, He = 0.005 mb, O2 = 0.04 mb and CO = 0.0012 mb.
Argon and oxygen are not separated by the GC column, so an O2 trap is used in series
with the first GC column to remove O2 in order to measure Ar. However, for samples
containing a large quantity of O2, the trap can become saturated, allowing some O2 to be
detected as Ar (Zimmer et al., 2004; Elkins et al., 2006). This results in samples with
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N2/Ar ratios lower than atmospheric (83) or air-saturated water (45) (Fischer et al., 1998).
These samples are reported in Table 1 as Ar concentrations in bold, indicating that the
value given has been corrected to a maximum Ar concentration on the basis of the N2
concentration and a N2/Ar ratio of 83 for fumarole samples and 45 for geothermal well
samples.
H2 concentrations also show a lot of variability and appear highly susceptible to air
contamination. H2 concentrations greater than 1 mmol/mol are restricted to the fumarole
samples and the power plant samples, with most well samples having concentrations << 1
due to dilution by air. O2 concentrations are crudely anti-correlated with H2, as O2 is
exclusively of atmospheric origin (Giggenbach et al., 2001). CH4 shows similar trends as
H2, with higher concentrations in non-contaminated fumarole samples, and a number of
well samples being below detection. CO was almost invariably below detection with only
three samples containing resolvable concentrations.
4.2. Redox State of the Gases
The two most important variables controlling the composition of hydrothermal fluids are
acidity and redox potential (Giggenbach, 1993). H2 responds quickly to changes in redox
potential, and in combination with H2O to form the variable RH, represents the most
useful probe into redox state (Giggenbach, 1987):

RH = log (f H2/f H2O) ≈ log (xH2/xH2O)

(1)

where f H2/f H2O is the fugacity ratio and xH2/xH2O is the measured concentration ratio.
At low temperatures full equilibrium is established between the hydrothermal fluid and
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surrounding rock, and fluid composition is controlled by the (FeO) – (FeO1.5) rock buffer
such that RH = -2.8 (Giggenbach, 1987). Lower limits of RH are determined by the
magmatic gas buffer according to the reaction:

3H2 + SO2 = H2S + 2H2O

(2)

Overall, redox processes correspond to the conversion of high temperature, oxidized
gases (i.e. CO2, SO2) to their reduced counterparts (i.e. CH4, H2S), which are stable in the
presence of rock at lower temperatures, such that RH > -2.8 represents reducing
conditions and RH < -2.8 represents oxidizing conditions (Giggenbach, 1987). With
increasing maturation of the hydrothermal system, RH values start to approach that of the
rock buffer (i.e. RH = -2.8).
Other species that are sensitive to redox changes include CH4 and CO, as represented
by RCH4 and RCO respectively, where (Giggenbach, 1996):

RCH4 = log (xCH4/xCO2)

(3)

RCO = log (xCO/xCO2)

(4)

Redox conditions governing CH4-CO2 interactions between gas and rock are
controlled by:

CO2 + 8(FeO) + 2H2O = CH4 + 8(FeO1.5)
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(5)

and CO-CO2 interactions between gas and rock, and gas and the magmatic gas buffer
respectively, are controlled by (Giggenbach, 1987):

CO2 + 8(FeO) + 3H2O = CO + 8(FeO1.5) + 3H2

(6)

3CO2 + H2S = 3CO + SO2 + H2O

(7)

Methane is slower to respond to changes in temperature and redox than CO, and so
will be more representative of conditions at depth, whereas CO reacts very quickly, and
so represents conditions at shallower depths (Giggenbach, 1993). The concentration of
CO in a gas is largely controlled by Equation 7, rather than Equation 6.
The three variables RH, RCH4 and RCO can be combined to investigate the redox and
temperature conditions at which the gases have equilibrated, as shown in Figure 5. Only
the fumarole and geothermal power plant samples are plotted.
Figure 5a is a plot of RH vs. RCH4 and shows the fields for liquid, vapour, and two
phase (liquid and vapour) systems, along with representative isotherms. The majority of
samples plot in the vapour phase field in Figure 5a, indicating equilibration in a single
vapour phase at temperatures between ~ 100ºC and 300ºC. Samples Aog-3 and Aog-3a
plot at slightly lower temperatures (~ 50ºC). Samples Sou-1 and Sou-2 plot at similar
temperatures to the other samples, but very near the GT-liquid phase line, indicating that
they are close to being in full equilibrium with the host rock in a liquid phase.
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Figure 5: Redox diagrams for IBM gases. (A) RH vs. RCH4. Solid lines correspond to geothermal (GT)
(FeO) – (FeO1.5) rock buffer. Dashed lines are vapour phase isotherms, dotted lines are liquid phase
isotherms. Labeled samples are discussed in the text. (B) RH vs. RCO. Solid lines correspond to geothermal
(GT) (FeO) – (FeO1.5) rock buffer. Dashed lines are two-phase isotherms. After Chiodini et al. (1996) and
Taran et al. (1998).
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Figure 5b (RH vs. RCO) shows the three samples (Geo-2, Mar-7, Mar-8) for which CO
concentrations were above detection. This plot shows that all three samples fall in the
two-phase field, indicating CO equilibrated in a system in which vapour and liquid coexisted at temperatures of 200-300ºC. These temperatures are similar to, but slightly
lower than, those indicated in Figure 5a.
Taken together these plots suggest that vapour-dominated systems exist at depth
beneath Agrigan and Hachijojima, whilst at shallower depths liquid and vapour co-exist,
possibly due to condensation in the shallower parts of the system.
4.3. Comparison of Wet Chemical and IC Techniques
During wet chemical analysis of the samples a number of problems were encountered,
especially concerning establishing reliable and reproducible calibration curves with the
anion specific electrodes used to analyze fluoride and ammonia, and the problem of
precipitating measurable quantities of BaSO4 in low sulphur samples. In an effort to
address some of these issues, the samples were also analyzed by ion chromatography for
the anions chloride, fluoride, bromide and sulphate as described in the methods section.
Table 2 shows the results of the IC analysis and those of the wet chemical analyses for
comparison, and these data are graphed in Figure 6. In each graph the black line shows a
1:1 correlation. Chloride data are only shown for gas samples having a value reported in
Table 1. Samples Kas-1, Sue-1 and Mam-2 were not analyzed on the IC as the caustic
solutions contained significant quantities of precipitate, which prevented the samples
from being pre-treated with the H cartridges. This problem was avoided during wet
chemical analysis as the precipitates were found to dissolve when acid (either
hydrochloric or sulphuric) was added during the analysis. For example many of the
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techniques, such as the CO2, HCl and HF procedures, require neutralizing the pH of the
sample. Although only an issue for a small number of samples in this particular study,
this problem needs addressing. A possible solution would be to analyze two batches of
samples by IC: one pre-treated with hydrochloric acid for determination of sulphate
concentration, and one pre-treated with sulphuric acid for chloride and fluoride
determination.

Figure 6a shows an excellent correlation between the results obtained using the
different techniques, and suggests that the gravimetric analysis of total sulphur by
precipitation as BaSO4 is an accurate technique. In most cases concentrations determined
by IC are slightly higher than those determined gravimetrically. However, the close

- 32 -

correlation between the two methods suggests that the precipitation is efficient and thus
importantly there should be no isotopic fractionation during extraction.

(A)

(B)

(C)

Figure 6: Comparison of results obtained by ion chromatography versus those obtained by traditional wet
chemical techniques for sulphate (A), chloride (B) and fluoride (C). Black line in each plot is a 1:1
correlation.
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However, the results for chloride and fluoride do not show such good correlations,
with large discrepancies between the two sets of results (Figs. 6b and 6c). As can be
observed from Figure 6b the analysis of HCl by Mohr titration severely overestimates the
concentration of chloride, compared to the IC analysis. The disparity between results is
too large to simply be the result of small errors in the titration procedure. For example, to
bring the concentration of the most discordant sample (Aog-1) in line with the IC result
would require titrating only 5% of the volume of titrant used, and to bring the
concentration of even the least discordant sample (Owa-1) in line with the IC result
would require titrating ~ 70% of the volume used. Therefore the problem is inferred to lie
with the titration itself. Factors that may affect the calculated concentration include:
excess titrant added beyond the endpoint, also known as “end-point error”, incorrect
identification of the endpoint (especially in samples that are cloudy or coloured initially),
uncertainty in the normality of the titrant, and complexing of AgNO3 with ions other than
chloride (for example sulphate, bromide and iodide) (M. Ali., pers. comm. 2007; Blaedel
& Meloche, 1963; Skoog & West, 1965). A correlation exists for most samples between
the chloride and sulphate concentrations as determined by IC (Fig. 7). This suggests that
the high chloride concentrations obtained by the Mohr titration method are due to
sulphate interference. The other sources of error can be largely discounted as bromide
and iodide concentrations were negligible if detectable at all, and the titrant used was
certified to a normality of 0.1N ± 0.0001. The “end-point error” refers to the volume of
titrant that must be added beyond the equivalence point to form an observable quantity of
precipitate (Skoog & West, 1965). When using 0.1N AgNO3 this error has been
demonstrated to be insignificant (Skoog & West, 1965).
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Figure 7: Total sulphur versus chloride concentrations, as determined by ion chromatography, showing a
positive correlation for the majority of samples. Inset plot shows the chloride axis expanded to 50 mg Cl to
display three outlier points.

The results for fluoride are also highly discordant (Fig. 6c), although in this case the
IC results span a larger range than the wet chemistry results and, with the exception of
one sample, are higher. The cause of this discrepancy is most likely the result of
problems encountered with calibration and drift of the electrode used to determine
fluoride concentrations. It was not possible to obtain reproducible calibration curves due
to the rapid drift of the electrode and a new curve had to be constructed every four or five
samples.
In summary, ion chromatographic determination of sulphate is less time-consuming
but is equally accurate. The determination of fluoride by IC is preferable to the use of
anion specific electrodes and IC determination of chloride is also preferable, especially
for high sulphur samples.
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4.4. Nitrogen and Sulphur Isotopes
Nitrogen and sulphur isotope results are presented in Table 3. Nitrogen isotope values,
reported in the standard delta notation as per mil deviations relative to air, which is by
definition 0‰ (δ15N = [((15N/14N)sample/(15N/14N)air) – 1] x 1000), range from -2.7 to
+5.5‰, with 1σ errors ranging from ± 0.02 to 0.6‰.
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The most positive values are those from Hakone, with sample Sou-1 having a δ15N
value of +5.5‰. The other Hakone samples are also strongly positive with the exception
of sample Noh-1, with δ15N = -1.4‰. This sample also has unusually high δ13C values
(D. Hilton, pers. comm., 2006) suggesting that the original magmatic carbon and nitrogen
isotope values were overprinted by shallower-level sources. The island of Agrigan has
the most negative values of -2.7‰ and -2.5‰, and is the only island to have exclusively
negative values. Duplicate samples are normally similar (i.e. Mar-7, Mar-8), although if
one sample is more air-contaminated than the duplicate, values are closer to zero,
indicating air contamination occurred during sampling (e.g. Geo-1, Geo-2).
Two islands, Oshima and Aogashima, have samples with both positive and negative
values. In both cases the negative values (Ons-1/Ons-2 from Oshima and Aog-3/Aog-3a
from Aogashima) are always from samples that are severely air contaminated (see
discussion below). This is unexpected as air is the standard and is by definition 0‰. That
both duplicate samples from each site have similar values suggests that these results are
not due to fractionation during the collection or analysis procedure. Thus both seem to be
sampling a severely air-contaminated component with δ15N < 0. This could possibly be
due to a small fractionation between air and water, and severely air contaminated samples
with δ15N varying from 0 by ± 2‰ have been observed previously (Clor et al., 2005;
Fischer, unpublished results).
Sulphur isotope values, reported as the per mil deviation of the
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S/32S ratio (δ34S =

[((34S/32S)sample/(34S/32S)standard) – 1] x 1000) from the Canyon Diablo troilite standard
(34S/32S = 0.0450; Faure & Mensing, 2005), are highly variable, ranging from -7.5 to
+22.0‰. Errors determined by multiple repeat measurements of three standards (NBS
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122, NBS 123 – both sphalerite, and NBS 127 – barite) before, during and after analytical
runs were ± 0.8‰, ± 0.3‰ and ± 0.5‰ (1σ) respectively.
Although values span a broad range there is some pattern. The samples with strongly
negative values are restricted to the fumarole samples from Hakone. These negative
values may be due to the high H2S contents and low SO2:H2S ratios of these samples,
which can result in negative δ34S values (Menyailov et al., 1986) (see Section 6.7.). The
most positive samples, with values around 21‰, are all geothermal well samples where
water was also collected in the sampling flask, suggesting that local meteoric water with
δ34S ~ +21‰ is overprinting the original magmatic value. The remaining samples, with
δ34S values ranging from -1.6‰ to +5.7‰, are more typical of volcanic rocks and gases
(e.g. Woodhead et al., 1987; Alt et al., 1993). These results are discussed further in
Section 6.7..
Of the ten rock samples selected for sulphur extraction only two yielded analyzable
quantities of Ag2S. Whether this was due to insufficiently high sulphur contents or
problems with the extraction set-up was not clear so the same samples were sent to
Actlabs Inc. for LECO analysis to determine sulphur contents. LECO analysis uses
combustion, a GC column for separation, and infrared spectroscopy to measure the
concentration of C, N, O and S in solid samples. The results are shown in Table 4.
These results show an unexpectedly large range in the sulphur content of the lavas,
with samples ranging from less than the detection limit of 10 ppm S up to 290 ppm S,
with a mean of ~ 80 ppm S (Table 4). These are low values for igneous rocks (e.g.
MORB ~ 850 ppm S; Mariana back-arc basalts 200 – 930 ppm S; Alt et al., 1993), with
seven of the samples containing < 60 ppm S, and four of these containing ≤ 10 ppm S.
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These results are similar to, but slightly lower than, previously reported values for
Mariana arc volcanics (20 – 290 ppm S, mean 100 ppm; Alt et al., 1993).

These results suggest that the failure to extract sufficient sulphur from the rocks for
analysis is due, at least in part, to the low sulphur content of the rocks. A very small
amount of fine-grained Ag2S was extracted from the four most sulphur-rich samples,
although small quantities of Ag2S were also extracted from the Hachijojima and
Alamagan samples, which have ≤ 10 ppm S. Furthermore, the first extraction of the
sample from Niijima (210 ppm S) failed to yield any Ag2S. This suggests that there are
also unresolved problems with the extraction procedure itself.
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During the first few extractions it was noted that incomplete dehydration of the Kiba
reagent in the course of preparation led to vigorous boiling during extraction, which
resulted in too high a flow rate of exsolved volatiles (mostly H2O due to the incomplete
dehydration) through the test tube containing the zinc acetate, resulting in overflowing of
the test tube. This problem was easily solved by ensuring complete dehydration of the
Kiba reagent, but the flow rate of the nitrogen carrier gas through the experimental set-up
remained a problem, and is considered the most likely reason for failure of the
extractions. A relatively high flow rate is required to ensure the set-up is continually
purged with gas and does not become blocked by condensing volatiles, and this likely
results in too high a flow rate through the zinc acetate solution, with the result that the
exsolved volatiles are flushed through the solution too quickly for the reaction with H2S
too occur. This problem may be compounded by the low sulphur contents of the rocks
and therefore low H2S concentrations in the exsolved volatiles. A flow rate of ~ 200
bubbles/minute is suggested by Sasaki et al. (1979) and is the rate used by de Moor
(2005). However, the rate of exsolution of volatiles from the Kiba/rock mixture far
exceeds this flow rate, resulting in overflowing of the zinc acetate solution, so the flow
rate was reduced as the Kiba reagent was heated, and then increased again when the
reaction was complete, and left to flush through the system for the recommended
minimum 8 hours, or overnight in most cases. Even with a minimal flow rate of nitrogen
the rate of exsolution of volatiles was almost enough in most cases to cause overflowing
of the zinc acetate. One possible solution, which was attempted with limited success, is to
heat the reaction vessel more slowly. However, a critical temperature of ~ 220-240ºC,
depending on sample, was reached at which point rapid exsolution began, limiting the
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effectiveness of this approach. Another possible solution, unconsidered at the time, may
be to use a larger volume of zinc acetate solution to increase the potential for reaction to
occur between the zinc acetate and H2S.
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5. Data Integrity
Before the data presented above can be used to address any of the issues that are the
focus of this thesis, such as nitrogen and sulphur sources, fluxes or transport mechanisms,
as outlined in the introduction, it is necessary to evaluate the data to ensure that the
samples are representative of sub-arc sources and processes, and have not been
compromised by air or crustal contamination. The criteria used here for accepting or
rejecting samples are based on those identified by previous workers as reliable indicators
of air or crustal contamination (e.g. Zimmer et al., 2004; Clor et al., 2005; Elkins et al.,
2006).
5.1. Air Contamination
A number of indicators can be used to identify severely air-contaminated samples,
including high N2/He (e.g. Uto-1 = 65040, Uto-2 = 150513), low He/Ar (e.g. Kas-1 =
0.0033, Aog-1 = 0.0019) and high O2 concentrations (e.g. Aog-3 = 27.9, Aog-3a = 33.1).
On the basis of these indicators the following samples are rejected from further
consideration because they possess one or more of the characteristics described above:
Sou-1, Owa-1, Noh-1, Oht-1, Kos-1, Uto-1, Uto-2, Ons-1, Ons-2, Mam-1, Sue-1, Kas-1,
Geo-2, Aog-3, Aog-3a, Aog-1, Mar-3.
In addition, samples from localities Oht, Kos, Uto, Ons, Kas, Sue and Aog-1 have
3

He/4He ratios less than 5, and in most cases less than 3 (D. Hilton, pers. comm., 2006),

indicating severe air contamination. The He isotope measurements were made on samples
collected at the same time and place but in different sampling flasks. These samples are
therefore interpreted to have been air-contaminated before sampling, and not during
sample collection. In contrast the remaining air-contaminated samples (Sou-1, Owa-1,
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Noh-1, Mam-1, Geo-2, Aog-3, Aog-3a and Mar-3) are interpreted to have suffered air
contamination during sample collection.
5.2. Crustal Contamination
The IBM is an intra-oceanic convergent margin (IOCM), and as such is built on relatively
thin oceanic crust, so crustal contamination should be less of a problem than in many
continental settings (e.g. Hilton et al., 1993), and this is one of the reasons IBM was
chosen as a MARGINS Focus Site (MARGINS Science Plans, 2004). A reliable indicator
of crustal contamination is the 3He/4He ratio (Hilton et al., 2002), which is 8 ± 1 RA for
the upper mantle (where RA is the atmospheric ratio of 1.4x10-6 (Poreda & Craig, 1989;
Hilton et al., 2002). All samples that are not considered air-contaminated on the grounds
discussed above have 3He/4He between 6 and 8 RA (D. Hilton, pers. comm., 2006),
indicating they have suffered minimal crustal contamination, as expected from the
tectonic setting.
An additional check on crustal contamination can be performed by examining the N2
and CH4 systematics, and the temperature dependence of N2 concentrations. In
continental arcs N2 can be added to magmatic volatiles by the breakdown of sedimentary
N2 (e.g. Mariner et al., 2003; Snyder et al., 2003), and as this breakdown is a temperature
dependent process can be tested for by comparing N2 concentrations to measured and
sub-surface equilibration temperatures, as has been done in Central America (e.g. Elkins
et al., 2006). Figure 8a plots temperature against N2,exc. and CH4, which is thought to be
of crustal origin in some hydrothermal systems (Taran et al., 1998). N2,exc. is the amount
of N2 in excess of that in air (see next section for details of N2,exc. calculation).
Temperatures are both measured discharge temperatures as well as calculated
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equilibration temperatures based on equilibration among different gas species (Table 5).
Tgeothermal is based on the equation (Table 5) derived by D’Amore and Panichi (1980) on
the basis of equilibration among a number of different gases – CH4, H2, H2S and CO2. Tc
and Tmeth are based on equilibration of the carbon species alone, as defined by
Giggenbach et al. (1990) and Giggenbach and Soto (1992) respectively (Table 5). The
lack of correlation between temperature and N2,exc. suggests that excess nitrogen is not
derived from shallow crustal sources, as would be expected in an IOCM setting lacking
organic sedimentary nitrogen.

Figure 8a: Plots of measured discharge temperature and calculated equilibration temperatures versus
N2,exc. and CH4. See Table 5 and text for details of equilibration temperature calculations.
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However, a striking correlation does exist between N2,exc. and CH4 for the majority of
samples (Fig. 8b). This could be interpreted as evidence that excess nitrogen is not slabderived but crustal in origin, although a number of lines of evidence argue against this,
most notably the high 3He/4He ratios and lack of correlation between temperature and
N2,exc.. A number of other indicators are commonly used as tracers of crustal
contamination, including CO2/3He and δ13C (e.g. Shaw et al., 2003; de Leeuw et al.,
2007). The CO2/3He and δ13C values for IBM samples span ranges of 0.22-26.5x109 and 0.99 - +0.17‰ respectively (D. Hilton, pers. comm., 2006). Furthermore, neither N2,exc.
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nor CH4 concentrations show correlations with any of these indicators of crustal
contamination, and the correlation between N2,exc. and CH4 is absent when normalized to
He.

Figure 8b: Correlation between N2,exc. and methane.

The discovery of methane-rich fluid inclusions in oceanic crust (Kelley, 1996) raises
the interesting, previously unconsidered alternative, that the source of methane is the
subducted slab (Kelley, 1996). The origin of this CH4 may be respeciation of CO2-rich
magmatic gas during cooling as the oceanic crust moves away from the ridge axis
(Kelley, 1996). An alternative hypothesis is that CH4 is formed as a by-product of
serpentinization of peridotite (Bougault et al., 1993; Charlou & Donval, 1993; Kelley,
1996). Large CH4 anomalies in the water column above peridotite-hosted MOR
hydrothermal systems confirm that seawater-peridotite interaction can generate
significant quantities of CH4 (Jean-Baptiste et al., 1991; Charlou et al., 1992).
Serpentinization is also likely to occur at the outer rise where the lithosphere bends to
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enter the subduction zone and is typically extensively fractured, allowing seawater to
penetrate deep into the slab (Peacock, 2001). However, any by-products of this
serpentinization reaction are likely to be lost at shallow depths, as evidenced by high CH4
concentrations in pore waters sampled at a serpentinized seamount in the Mariana forearc
(Mottl & Haggerty, 1989).
For the CH4 generated by serpentinization to survive to sub-arc depths requires it to be
trapped in another phase. The methane-rich CH4-H2O±H2 inclusions in oceanic crust
from the Southwest Indian Ridge (SWIR) were found in healed microfractures in
plagioclase grains (Kelley, 1996). These fluids appear to have been trapped under
equilibrium conditions at minimum temperatures of ~ 400ºC and QFM fO2 conditions,
and experimental heating of these grains at 300-500ºC released fluids containing variable
CH4, H2O and H2 concentrations (Kelley, 1996). Thus these inclusions appear to be a
plausible source of methane in the slab that could explain the apparently coupled
behaviour of N2 and CH4.
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6. Discussion
6.1. Gas Chemistry
Gas chemistry can be used to make qualitative statements about the sources of the gases,
and along-arc variations can begin to shed light on the factors that control this variation.
As discussed briefly in Section 4.1., N2-He-Ar systematics can be used to classify the
gases in terms of their source components (Giggenbach, 1996) (Fig. 4). Two inferences
can be made from this figure. Firstly, the relative degree of air contamination can be
assessed through the N2/Ar and He/Ar ratios, as Ar is entirely of atmospheric origin
(Giggenbach et al., 2001). Thus air-contaminated samples are shifted towards air (83) or
air-saturated water (ASW) (45) ratios on the N2-Ar axis (Fischer et al., 1998). Air
contamination of the samples has been discussed in previous sections.
The second application of the N2-He-Ar plot utilizes the N2-He ratio to infer the
degree of slab material involvement. Mantle-derived gases, as sampled for example in
MORB glasses or hotspots, have low N2 concentrations, and correspondingly N2/He
ratios < 200 (Fischer et al., 1998). In contrast, gases from arc volcanoes (termed ‘arctype’ gases) have higher N2 concentrations and N2/He ratios > 1000, as a result of
addition of N2 from sediments on the subducting slab (Fischer et al., 1998; Sano et al.,
2001, Fischer et al., 2002). Figure 4 shows that the majority of samples display typical
‘arc-type’ signatures, with N2-He ratios generally > 1000. Only two samples, those from
Agrigan in the Mariana arc, plot definitively in the mantle-derived field, and have N2-He
ratios of 211 and 246 (Table 6). These results are consistent with addition of sedimentary
N2 from the subducting slab to all centers in the arc except Agrigan. This result will be
discussed further below.
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Another tracer of gas sources is the CO2/N2 ratio and the CO2/N2,exc. ratio. CO2 is the
most conservative species in volcanic gases (Giggenbach, 1996) and variations in CO2/N2
therefore relate to variable N2, not CO2, concentrations. To avoid the problem of air
contamination, a more meaningful ratio is CO2/N2,exc., where N2,exc. is the amount of
nitrogen in excess of that contributed from air, calculated according to (Fischer et al.,
1998):

N2,exc. = [N2] – ([Ar]*(N2/Ar)air)

(8)

where (N2/Ar)air is 83. Typical CO2/N2,exc. values of mantle-derived gases are > ~ 700 and
‘arc-type’ gases are generally 100 ± 60 (Fischer et al., 1998). Table 6 shows that
CO2/N2,exc. results generally support the N2/He interpretations, with low values in the
typical ‘arc-type’ gas range for most samples and higher values (> 1000) for the Agrigan
samples, consistent with a mantle source for these gases. The CO2/N2,exc. value for sample
Geo-1 is unusually high (937) for an arc volcano, although the N2/He and δ15N values
suggest a large contribution from sedimentary N2 in this sample. The results for the two
Agrigan samples are unexpectedly discordant for duplicate samples collected at the same
time. To check for analytical or calculation errors, the CO2/3He and 3He/4He ratios (D.
Hilton, pers. comm., 2006) for samples collected concurrently but in different sample
flasks were used to recalculate the CO2/N2,exc. values for these samples. The results are
similar (1656 and 2112 respectively), suggesting the results are probably due to the
relative CO2 concentration of Mar-8 being lowered because it is more air-contaminated
than Mar-7.
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6.2. Nitrogen Sources
Before any attempt is made to constrain the output flux of nitrogen from the IBM arc, and
ultimately mass balance the system, it is critical to quantitatively resolve the relative
contributions of the three components to the nitrogen being degassed from the arc
volcanoes. Sano et al. (1998, 2001) presented simple mixing equations to calculate the
relative contributions from air (A), upper mantle (M) and sediments (S) using the
measured δ15N and N2/36Ar values. These equations were revised slightly by Fischer et al.
(2002) and Zimmer et al. (2004) to utilize the N2/He ratio rather than N2/36Ar values.
Table 3 gives the results of mixing calculations using these revised equations:

δ15Nobs = (δ15NA . fA) + (δ15NM . fM) + (δ15NS . fS)

(9)

1/(N2/He)obs = fA/( N2/He)A + fM/( N2/He)M + fS/( N2/He)S

(10)

fA + fM + fS = 1

(11)

where fA, fM and fS are the fractions derived from air, mantle and sediment respectively,
and δ15NA/M/S and (N2/He)A/M/S are the respective values for air, mantle and sediment.
End-member δ15N values for these components are 0‰ (Faure & Mensing, 2005;
Sharp, 2006), -5 ± 2‰ (e.g. Marty, 1995; Marty & Humbert, 1997; Cartigny et al., 1998)
and +7 ± 4‰ (e.g. Peters et al., 1978; Sadofsky & Bebout, 2004; Li & Bebout, 2005) for
air, upper mantle and sediment respectively. Sadofsky and Bebout (2004) note that the
δ15N values for sediments subducting at the IBM margin are highly variable, and
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dependent on lithology (Fig. 9). Measured values range from -0.2 to +8.2‰, although
only two samples have values < +2.5‰ (Sadofsky & Bebout, 2004). Averages for the
different units at Site 1149 are +5.8‰ for Unit I, +4.5‰ for Unit II and +3.2‰ for Units
III, IV and V, with an average value for the whole section of +5.0‰. Although this value
is lower than the end-member value used here, Sadofsky and Bebout (2004) concede that
use of a value of +7‰ is not unreasonable due to the uncertain effects of metamorphism
during subduction. Studies of low grade metasedimentary palaeoaccretionary suites,
including the Catalina Schist and the Franciscan Complex, California and the Western
Baja Terrane, Mexico, offer an insight into the effects of metamorphism and
devolatilization beneath the forearc on N2 concentrations and isotopic compositions in a
‘cool’ subduction zone (e.g. Bebout & Fogel, 1992; Bebout et al., 1999; Busigny et al.,
2003; Sadofsky & Bebout, 2003). Calculations by Bebout and Fogel (1992) and Bebout
et al. (1999) based on studies of the Catalina Schist (metamorphosed at 350-750ºC and
pressures corresponding to 15-45 km depths) suggest a decrease in N2 concentration and
an increase in δ15N of at least 3-4‰ with increasing metamorphic grade. In contrast,
studies of the Franciscan Complex and Western Baja Terrane (peak temperatures of 250300ºC and ~ 40km depth) suggest little or no N2 loss or isotopic modification (Sadofsky
& Bebout, 2003). Studies of the Schistes Lustrés nappe in the western Alps, subducted
along a ‘cold’ geothermal gradient (~ 8ºC/km) to ~ 90 km, also suggests no N2 loss or
isotopic modification to depths approaching those of sub-arc magma genesis (Busigny et
al., 2003). Until data are available on the N2 concentrations and isotopic compositions of
forearc fluids, these studies and theoretical calculations represent the best estimate of the
fate of subducted sediments during subduction. In light of this uncertainty, and as values
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higher than +5‰ were measured in these samples (Table 3), the use of +7‰ as an endmember is preferred here.

Figure 9: Variation in δ15N with depth through the sedimentary sequence drilled at ODP Site 1149. Filled
symbols are from Hole A and open synbols are from Hole B. Circles are samples from Unit I, squares are
samples from Unit II and triangles are samples from Units III, IV and V. See Sadofsky and Bebout (2004)
for unit descriptions. Data re-plotted from Sadofsky and Bebout (2004).

In addition to uncertainty over the sediment end-member value, the nitrogen isotope
composition of the upper mantle has also been questioned recently, with Mohapatra &
Murty (2004) suggesting that the true value may be closer to -15‰ rather than the
commonly used value of -5‰. However, the validity of this argument has been
challenged on the basis that the technique used in the Mohapatra & Murty (2004) study,
specifically the use of a molybdenum furnace during nitrogen extraction from MORB,
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may cause a large isotopic fractionation (on the order of 10‰ at typical experimental
conditions) (Yokochi & Marty, 2006).
The end-member N2/He values are 1.49x105 (Ozima & Podosek, 2002), 150 (Marty &
Zimmerman, 1999) and 1.05x104 (Matsuo et al., 1978) for air, upper mantle and sediment
respectively. These end-member values, as well as other ratios and data used in the
subsequent flux calculations, are presented in Table 6.
Isotopic measurements and the results of mixing calculations for all samples are
reported in Table 3, and a more extensive dataset is presented in Table 6 for the samples
previously identified as unaffected by air contamination. These samples are also
displayed in Figure 10, along with the end-members and mixing lines. Sediment-derived
nitrogen fractions (S) range from 0.08 to 0.77. These fractions can be corrected for airderived nitrogen to yield Sc and Mc, the fractions of S and M in a binary mixture, where
Sc = S/(S+M) and Mc = 1 – Sc. Sediment-derived nitrogen fractions range from 0.12 to
1.0. All islands show a large proportion of sedimentary nitrogen in a binary mixture (62 –
100%), with the exception of the two samples from Agrigan, which show that only 12
and 14% of the nitrogen in these gases is sedimentary in origin. These calculations
support the conclusions presented above, on the basis of gas chemistry and isotopic
values, that there is a strong slab signature in gases from all islands except Agrigan. On
average, 34% of nitrogen in IBM gases is sediment-derived, while considering only the
Izu-Bonin segment of the arc increases this fraction to 40%. This corresponds to 75% and
85% sediment respectively in a mantle-sediment binary mixture.
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Figure 10: Plot of δ15N versus N2/He showing the air (A), mantle (M) and sediment (S) end-members of
Sano et al. (1998). Dotted lines are 25, 50, 75 and 95% sediment mixing lines. Symbols as for Figure 3.

The penultimate column in Table 6 reports δ15Nc values, which have been calculated
according to (Fischer et al., 2002):

δ15Nc = f . δ15NM + (1 – f) . δ15NS

(12)

where δ15NM = -5‰, δ15NS = +7‰ and f is the fraction of mantle-derived nitrogen (Mc).
This corrected value is an attempt to constrain what the isotopic composition of the
sample would have been before any contamination by air. The validity of this correction
is dependent upon the accuracy of the mixing calculations and the inherent assumption
that, apart from air, only two components (upper mantle and sediment) are contributing
nitrogen to the sample. This assumption will be explored further in following sections.
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Figure 11: Along-arc variation in N2/He, CO2/N2,exc., δ15N and %S. Each point is a single gas sample.
Open circles in δ15N plot are corrected values (δ15Nc) calculated according to Equation 12.
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In order to investigate the controls on isotopic variability within the arc system, Figure
11 shows N2/He, CO2/N2,exc., δ15N and %S as a function of latitude, or distance along the
arc. If external forcing functions such as slab dip or age were the primary control on
isotopic variation, one would expect to see clear and systematic differences between the
Mariana and Izu-Bonin segments of the arc. As can be seen in Figure 11 this is not the
case. As mentioned above, the island of Agrigan appears to be somewhat of an outlier.
However, the data from Pagan, the other island in the Mariana segment of the arc, are
indistinguishable from data for the Izu-Bonin segment. Without further data from the
Mariana arc it is not possible to say whether the Izu-Bonin and Mariana segments of the
arc display no systematic differences, and Agrigan is the outlier, or conversely whether
Agrigan is representative of the Mariana segment, Pagan is the outlier, and systematic
differences do exist.
6.3. Nitrogen Flux and Mass Balance
One of the ultimate aims of this work is to calculate a nitrogen flux for the IBM arc
system and compare this to estimates of the subduction input flux. Previous attempts to
mass balance arcs (e.g. the Central American arc (Zimmer et al., 2004; Elkins et al.,
2006)) have utilized COSPEC SO2 flux measurements and regional gas chemistry to
estimate an N2 flux. However, the paucity of COSPEC data from degassing sub-aerial
volcanoes along the IBM volcanic front necessitates the use of a different approach.
Furthermore, the recent study of Hilton et al. (2007) cautions against the use of shortterm datasets collected from only a few actively degassing volcanoes to extrapolate arcwide volatile fluxes. In light of this, volatile fluxes were calculated using three different
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approaches, each of which is described in turn below. The results are summarized in
Table 7.
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The first method utilizes estimates of the magma production rate (or crustal growth
rate) and primary magmatic volatile contents inferred from melt inclusion data. The first
attempt to constrain magma production rates for the IBM focused solely on extrusive
products and estimated a volcanic production rate of 12.4 km3 Ma-1 km-1 (Sample &
Karig, 1982). A subsequent study attempted to combine volcanic and plutonic production
rates and arrived at estimates of 28 km3 Ma-1 km-1 and 30 km3 Ma-1 km-1 for the IzuBonin and Mariana segments of the arc respectively (Reymer & Schubert, 1984). More
recently the estimates of Reymer and Schubert (1984) have been questioned by Taira et
al. (1998), who present a revised estimate of the crustal growth rate based on a single
seismic line through the northern Izu-Bonin arc crust. On the basis of this cross section
they estimate a crustal growth rate of 80 km3 Ma-1 km-1 and 70 km3 Ma-1 km-1 for the IzuBonin and Mariana segments respectively. These new estimates are thought to be more
reliable as they include new revisions to the age of inception of arc volcanism (45 Ma), as
well as attempts to include arc crust that has subsequently been rifted away. The most
recent estimate is from Dimalanta et al. (2002), who estimate crustal addition rates of 6368 km3 Ma-1 km-1 for the northern Izu-Bonin arc and 44-50 km3 Ma-1 km-1 for the
Mariana arc, on the basis of seismic and gravity data. The maximum estimates of Taira et
al. (1998) have been used in the following calculations to provide an upper limit on the
calculated output flux. However, a better constraint on the magmatic production rate of
the IBM arc has been identified as one of the critical outcomes of the Margins
Subduction Factory initiative (MARGINS Science Plans, 2004).
The second crucial piece of information needed to estimate the N2 flux by the first
method is the volatile content of the primary undegassed magmas being generated in the
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mantle wedge. One estimate of primary volatile content comes from melt inclusion data.
Shaw et al. (2004) report H2O, CO2 and SO2 concentrations from olivine-hosted melt
inclusions in recent tephras from the islands of Guguan, Pagan and Agrigan in the
Mariana arc. The highest concentration sample is used on the assumption that it is the
least degassed, and therefore most representative of the primary volatile content of the
original melt. Using a CO2 concentration of 670 ppm (Shaw et al., 2004), the production
rates of Taira et al. (1998) and a melt density of 2.8 g cm-3, fluxes of 3.41x106 mol a-1
km-1 and 2.98x106 mol a-1 km-1 CO2 are calculated for the Izu-Bonin (IB) and Mariana
(M) segments respectively. Multiplying these by trench lengths of 1050 km and 1400 km
respectively (von Heune & Scholl, 1991), gives fluxes of 35.81x108 mol a-1 and
41.72x108 mol a-1 respectively. Dividing these by the average CO2/N2 ratios measured in
the gas samples of 168 and 217 (Table 6) gives an N2 flux of 0.215x108 mol a-1 for IB
and 0.19x108 mol a-1 for M. Using the average %S values of 40% and 20% calculated
above from the mixing calculations for the two segments (Table 6) lets us calculate the
fluxes of sediment-derived N2. These fluxes are 0.085x108 mol a-1 for IB and 0.038x108
mol a-1 for M, which give a combined flux for the entire arc of 0.12x108 mol a-1.
The second method for estimating N2 fluxes uses 3He fluxes, based on the assumption
that all 3He being discharged from the arc originates in the mantle wedge (Hilton et al.,
2002). The global arc 3He flux of 92.4 mol a-1 (Hilton et al., 2002) is scaled to IB and M
using a global trench length of 43,400 km and IBM trench lengths of 1050 km and 1400
km (von Heune & Scholl, 1991). This leads to IB and M 3He fluxes of 2.24 mol a-1 and
2.98 mol a-1 respectively. Using the average IB and M CO2/3He ratios of 15.3x109 and
10.5x109 (D. Hilton, pers. comm., 2006) allows us to calculate CO2 fluxes of 3.43x1010
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mol a-1 and 3.13x1010 mol a-1 for IB and M. These CO2 fluxes were converted first to N2
fluxes of 2.04x108 mol a-1 and 1.44x108 mol a-1 and then to sediment-derived N2 fluxes of
0.815x108 mol a-1 and 0.29x108 mol a-1 using the method described above. This gives an
entire arc flux of 1.11x108 mol a-1, ~ 8x greater than the flux calculated from magma
production rates.
The final method also utilizes magma production rates, but in combination with an
estimate of the sub-arc mantle 3He concentration. Fischer and Marty (2005) estimated a
sub-arc mantle 3He concentration of 1.79x10-15 mol g-1, using a MOR 3He flux of 1000
mol a-1 and a melt production rate of 20 km3 a-1. Assuming 30% partial melting of the
IBM volcanic front source (Peate & Pearce, 1998) gives a 3He concentration in the
undegassed mantle melt of 5.7x10-15 mol g-1. Combining this concentration with the
magma production rates of Taira et al. (1998) and a melt density of 2.8 g cm-3 (Fischer &
Marty, 2005) gives 3He fluxes of 1.28x10-3 mol a-1 km-1 and 1.12x10-3 mol a-1 km-1 for IB
and M. Using the trench lengths given above (1050 km and 1400 km) yields fluxes of
1.34 mol a-1 and 1.57 mol a-1. Using the same average CO2/3He for IB and M as before
(15.3x109 and 10.5x109) yields CO2 fluxes of 2.05x1010 mol a-1 for IB and 1.65x1010 mol
a-1 for M. These fluxes were then once more converted first to N2 fluxes of 1.22x108 mol
a-1 and 0.76x108 mol a-1 and then to sediment-derived N2 fluxes of 0.49x108 mol a-1 and
0.15x108 mol a-1 respectively using the approach described above. This gives a flux for
the entire arc of 0.64x108 mol a-1, approximately half that of the second method and ~ 5x
that of the first method.
The fluxes calculated by these three methods are all significantly different, with the
first method yielding particularly low fluxes. This suggests that the first method is
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underestimating the output flux. There are two reasons this could happen. Firstly, because
the magma production rate has been underestimated, or secondly, because the melt
inclusion data are not representative of primary melt volatile concentrations. Both
methods 1 and 3 use magma production rates, yet the flux calculated using method 3 is ~
5x that of method 1. Fischer and Marty (2005) note that measured melt inclusion volatile
concentrations are lower than the concentrations they calculated using their estimate of
the sub-arc mantle 3He concentration. This is consistent with the results calculated here,
and suggests that melts undergo significant open-system degassing before crystallization
of mineral phases that trap melt inclusions, e.g. olivine (Fischer & Marty, 2005). This is
likely to be particularly relevant for CO2, as it is one of the first species to exsolve as
pressure drops. The discrepancy between methods 2 and 3 may be due to a number of
factors, including underestimated magma production rates, incorrectly calculated sub-arc
mantle 3He concentrations, an overestimated global 3He flux or because simply scaling
the global 3He flux by trench lengths is inappropriate.
The final step in mass balancing the arc is to estimate the input flux of nitrogen and
compare this to the outputs calculated here. A detailed investigation of the sedimentary
section recovered outboard of the Izu-Bonin arc at ODP Site 1149 Section A (Fig. 1)
concluded that subduction of the section there would deliver 2.5x106 g a-1 km-1 N, with
average δ15N of +5.0‰ (Sadofsky & Bebout, 2004). Converting to molar N2
concentrations and scaling this value to the whole arc yields a flux of 2.19x108 mol a-1 N2
(0.94x108 mol a-1 for Izu-Bonin alone). The isotopic composition of the sediments is not
uniform but varies with depth (Fig. 9). In Unit I (the uppermost 120 m) the sample at the
top of the core has δ15N of +8.2‰, decreasing steadily with depth to values of +4.7‰ at
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120 m (Sadofsky & Bebout, 2004). In Unit II values range from +3.7‰ to +4.9‰, and in
Units III, IV and V at the bottom of the core values range from +2.5‰ to +4.6‰
(Sadofsky & Bebout, 2004).
Previous studies of arc systems (e.g. the Central American arc) have focused solely on
the sedimentary input (e.g. Li & Bebout, 2005) (See Section 6.5.). However, it has
recently been recognized that the altered oceanic crust (AOC) is a potentially significant
source of nitrogen in subduction zones, and needs to be included in estimates of volatile
recycling (e.g. Fischer et al., 2002; Li et al., 2005). Recent work on the nitrogen
concentration and isotopic composition of AOC recovered from ODP Site 801, mostly
from Section C, outboard of the Mariana trench suggests that, despite the far lower
concentration (max. 18 ppm compared to > 200 ppm in some sediment samples), the
large volume of the AOC means the contribution of nitrogen is significantly greater than
in the overlying sediments, with a flux of 5.1x106 g a-1 km-1 N (Li et al., 2007). This
corresponds to a flux of 4.46x108 mol a-1 N2 for the entire arc (1.91x108 mol a-1 for IzuBonin), more than double the sedimentary flux. Again there is a lot of variability in
isotopic composition as a function of depth (Fig. 12). Two samples from the uppermost
unit of alkalic basalts have negative values of -1.6‰ and -4.9‰. Units II and III,
extending down approximately 100 m, have generally positive values in the range -0.1‰
to +1.2‰. The remaining units, extending approximately another 300 m, have negative
values in the range -0.4‰ to -11.6‰ (Li et al., 2007). The uppermost 470 m of basement
sampled at Site 801 has mean δ15N of -2.9‰ (Li et al., 2007). Assuming the remaining
6.5 km of crustal section has MORB-like δ15N of -5.6‰ gives an average δ15N for the
entire AOC of -5.2‰ (Li et al., 2007). Combining the contribution from sediments
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(Sadofsky & Bebout, 2004) gives the entire sediment and crustal section average δ15N of
-1.8‰ (Li et al., 2007).

Figure 12: Variation in δ15N with depth through the uppermost 450 m of AOC drilled at ODP Site 801,
Hole C. Units are those defined by Li et al. (2007). Data re-plotted from Li et al. (2007).

Comparing input/output fluxes for the entire Izu-Bonin Mariana margin shows that the
input flux is significantly greater than any of the calculated output fluxes. Using the
entire sediment and AOC flux, the three output fluxes suggest from as little as 2%
recycling to the atmosphere (method 1) to a maximum of 17% recycling to the
atmosphere (method 2) (Fig. 13a). Considering only the sediment input suggests between
5% and 51% recycling to the atmosphere. As there is no evidence of sediment offscraping at the trench (Bellaiche, 1980; von Heune & Scholl, 1991) the entire
sedimentary package is assumed to be subducted to sub-arc depths (Stern et al., 2003).
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Thus at face value it appears as though a large proportion of the nitrogen entering the
trench is being delivered past the depths of arc magma genesis into the upper mantle.

Figure 13: Schematic illustration showing N2 input and output fluxes for the entire IBM arc (A) and the
Izu-Bonin arc alone (B). Red, blue and green arrows correspond to fluxes calculated by methods 1, 2 and 3
respectively. See text for discussion of different output flux calculations. Sediment input from Sadofsky and
Bebout (2004). AOC input from Li et al. (2007).
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However, these recycling fluxes should be considered minimum values as this study
focuses on only one of the four outputs across the arc, the volcanic front. In addition to
the active volcanic front studied here, slab-derived materials may contribute to the fluids
and magmas being discharged from any or all of the forearc, arc cross-chains and backarc basins. The nitrogen concentration and isotopic composition of these fluids and
magmas is unknown, yet they may have important consequences for the volume and
isotopic composition of nitrogen being delivered to the mantle, as discussed below.
If the recycling values given above are taken at face value then it can be concluded
that, even if all of the output flux is derived from sedimentary nitrogen, between 49% and
95% of the

15

N-enriched sedimentary nitrogen entering the trench is delivered to the

mantle. If, as seems likely, some of the output flux is AOC-derived (see Section 6.6.) the
amount of 15N-enriched sedimentary nitrogen entering the mantle will be even greater.
However, this simplified scenario excludes consideration of the other arc system
outputs, of which the forearc may be particularly important. The work on the Catalina
Schist of Bebout and Fogel (1992) suggests that during subduction, metamorphic
devolatilization of sediments beneath the forearc may result in the loss of nitrogen to
hydrous fluids (see Section 6.2. for a more detailed discussion). Furthermore,
Hochstaedter et al. (2001) identify an AOC-derived fluid component in Western
Seamount (cross-chain) lavas, although the signature is not as strong as in the volcanic
front. Finally, a number of studies of submarine glasses from the Mariana Trough backarc basin show arc signatures in these rocks, such as LILE enrichments, HFSE depletions,
higher water contents and greater degrees of melting relative to MORB (Hawkins et al.,
1990; Stern et al., 1990; Gribble et al., 1996; 1998). Studies of glasses from the back-arc
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rifts in the Izu-Bonin segment of the arc, which have yet to develop into a true back-arc
basin, also show evidence of a weak arc component (Fryer et al., 1990; Hochstaedter et
al., 1990a; 1990b). None of these studies on any of the other arc outputs report N2
concentrations or isotopic data.
All of this evidence suggests that there is at least the potential for further nitrogen loss,
from both sediments and AOC, in addition to that calculated here from the volcanic front,
although confirmation and quantification of this will have to wait for studies of nitrogen
concentration and isotopic composition of these fluids and magmas. However, it is
conceivable that, taken together, these three outputs could account for a significant
fraction of the subducted sedimentary nitrogen, with the important consequence that,
although the residual slab may deliver large quantities of nitrogen to the mantle, the
majority of it may be 15N-depleted. The nitrogen isotope composition of this residual slab
material is an important component of a number of models that attempt to explain the
isotopic imbalance between the Earth’s external and internal reservoirs (e.g. Javoy, 1997;
Cartigny et al., 1998; Javoy, 1998; Tolstikhin & Marty, 1998; Marty & Dauphas, 2003),
and is also crucial to the interpretation that positive δ15N values observed in plumerelated rocks, believed to have been derived from the deep mantle (e.g. Tolstikhin &
Marty, 1998; Marty & Dauphas, 2003), reflect sampling of recycled sedimentary
material. Significantly, in both these cases the nitrogen delivered to the mantle in
subduction zones is assumed to be 15N-enriched. If in fact this material has average δ15N
similar to MORB (~ -5‰) then its introduction to the mantle will have little effect, if any,
on the isotopic composition of that reservoir, and furthermore the source of heavy
nitrogen in deep mantle rocks must lie elsewhere.
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Considering mass balance for the Izu-Bonin arc alone we see trends similar to the
whole margin, but importantly, the greater proportion of sediment-derived nitrogen in the
output (40% compared to 20% for the Mariana arc) means that overall the flux of
recycled nitrogen to the atmosphere is greater, ranging from 3% to 29% of the total input
flux (Fig. 13b). Looking at just the sedimentary input, the uncertainty in the different
output fluxes becomes a major factor, with different methods suggesting that anywhere
between 9% and 87% of the sedimentary nitrogen might be recycled. This shows that for
the Izu-Bonin segment, even more than for the arc as a whole, the nitrogen carried into
the mantle is likely to be dominated by 15N-depleted nitrogen from the AOC. Given this
result it would be useful to know which of the islands of Pagan or Agrigan is more
representative of the Mariana segment. If Pagan is typical of the rest of the Mariana
Islands then the whole arc will show recycling values similar to Izu-Bonin, but if Agrigan
is more representative then the discrepancy between the segments will be even greater.
The contribution from the AOC is not considered in the mixing calculations above,
and it is therefore possible that the contribution from the slab has been underestimated.
As an extreme example, it is possible that the negative values from Agrigan do not in fact
represent a significant mantle contribution but actually a dominantly AOC-derived flux.
In the case of Agrigan however, the N2/He and CO2/N2,exc. values support the
interpretation of a dominantly mantle source for the nitrogen. Nevertheless, this
illustrates the limitations of modeling such a complex system in terms of just two
components.
As an illustration of this, the δ15N values (Table 6) can also be modeled in terms of
just two slab-derived components. This approach is loosely based on that of de Leeuw et
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al. (2007), who attempted to resolve the provenance of carbon discharging from the
Central American arc into limestone and organic sediment contributions.
Given that nitrogen in most Izu-Bonin samples is > 80% sediment-derived according
to the mixing equations above, I use δ15Nc values listed in Table 6 as an estimate of the
magmatic value (i.e. before air contamination), and model this in terms of just two
components: AOC-derived nitrogen with average δ15N of -2.9‰ (for the uppermost ~
500 m of crust) and sedimentary nitrogen with δ15N of +7‰. The results of this
calculation are shown in Table 6 as %AOC. These calculations show that most samples
could be explained by ~ 20-40% AOC-derived nitrogen. However, this figure does not
take account of either the large concentration difference or large volume difference
between AOC and sediments. The problem of resolving the slab component into AOC
and sediment contributions will be returned to in Section 6.6..
6.4. Long-Term Recycling Implications
The recycling estimates and fluxes calculated here can be extrapolated globally to address
issues of long-term volatile exchange between the atmosphere and mantle. Marty and
Dauphas (2002) used the correlation between mean degassing duration (MDD) and the
degree of recycling at arcs (output:input ratio) to calculate mantle-atmosphere exchange
efficiency for a number of volatile species. Nitrogen has a MDD (defined as the total
surface inventory of a species (mol) divided by the annual MORB output flux (mol a-1))
of 2.74x1011 yr, significantly longer than the age of the Earth, implying either a
decreasing MORB degassing rate with time, or a contribution to the surface inventory
that is not mantle-derived, or both (Marty & Dauphas, 2002).
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Given the annual subduction input flux at the IBM margin (6.65x108 mol a-1 N2) and a
recycling efficiency of approximately 10% (Fig. 13), results in the IBM subduction
system returning on the order of 5.99x108 mol a-1 N2 to the mantle. At this rate, it would
require 4.57x1011 years to subduct the total surface N2 inventory (2.74x1020 mol N2;
Pepin, 1991). Extrapolating this flux of N2 into the mantle at IBM to all arcs globally,
using a global trench length of ~ 43,400 km (von Heune & Scholl, 1991), results in
1.06x1010 mol N2 being returned to the mantle annually. At this rate the total surface
inventory would be subducted in 2.58x1010 years.
Thus the MDD for nitrogen is of the same order of magnitude as the time required to
subduct all surface nitrogen, or, expressed differently, the annual MORB degassing rate
and the annual subduction flux back into the mantle are approximately equal. Therefore,
if the majority of nitrogen being returned to the mantle in subduction zones is carried in
the AOC, and has δ15N ~ -5‰, then the global nitrogen cycle is in steady-state, and there
is no net change in the size or isotopic signature of the internal or external reservoirs.
This is consistent with the observation that MORB and diamonds both sample a common
reservoir that currently has, and has had for 2-3 Ga, δ15N ~ -5‰. This observation is also
consistent with the model of Marty and Dauphas (2002), suggesting that the Earth had an
initially chondritic nitrogen abundance and isotopic signature, and that nitrogen was
efficiently exchanged between atmosphere and mantle prior to ca. 3 Ga and that the
MORB flux has decreased since.
6.5. Comparison with the Central American Arc
The Central American Volcanic Arc (CAVA) is the counterpart MARGINS Focus Site to
IBM, and has been the subject of several recent volatile (i.e. N2, He-C) studies (Snyder et
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al., 2001; Fischer et al., 2002; Shaw et al., 2003; Snyder et al., 2003; Zimmer et al., 2004;
Li & Bebout, 2005; Elkins et al., 2006; de Leeuw et al., 2007). The tectonics and
geochemistry of the CA volcanic front will be briefly reviewed before comparing and
contrasting the nitrogen systematics of the two margins.
The Central American margin shows distinct along-arc segmentation, reflected in
variations in crustal thickness (thinnest in Nicaragua, thickening both northwestward and
southeastward) and slab dip (steepest beneath Nicaragua, shallowing under Guatemala
and Costa Rica) (Carr, 1984). This tectonic segmentation is reflected in the distinctive
‘chevron pattern’ of many geochemical indices such as Ba/La, La/Yb, U/Th,

10

Be/9Be

and δ18O (Carr, 1984; Carr et al., 1990; Morris et al., 1990; Eiler et al., 2005). These
geochemical variations have been interpreted as reflecting a stronger slab signature in the
centre of the arc under Nicaragua, where slab dip is steepest and the flux of slab-derived
material is therefore concentrated into the smallest volume of mantle wedge to produce a
stronger signal (Carr et al., 1990). The weak slab signal in Costa Rican volcanics has also
been interpreted as the result of sediment offscraping of the uppermost sediment column
at the trench (Leeman et al., 1994).
This tectonic and geochemical segmentation is also reflected in volatile studies, which
reveal significant differences between the northern/central arc in Guatemala and
Nicaragua, and the southern arc in Costa Rica. Volcanic and hydrothermal gases in
Nicaragua and Guatemala display a similar chemistry to most IBM gases, having high
N2/He, low CO2/N2,exc. and positive δ15N (Fischer et al., 2002; Elkins et al., 2006). These
characteristics indicate a high contribution of sediment-derived nitrogen in Nicaraguan
gases, averaging 71% (Elkins et al., 2006). Calculated outputs range from similar to, to
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significantly higher than, estimated sedimentary inputs, suggesting that some AOCderived nitrogen is required to balance output fluxes, and that nitrogen is efficiently
recycled to the atmosphere, with little or no sedimentary nitrogen being carried into the
mantle (Elkins et al., 2006) (Fig. 14). Despite the similarity in volatile chemistry, this
conclusion regarding nitrogen recycling is entirely opposite to that proposed here for the
IBM margin, where mass balance considerations suggest large-scale transport of nitrogen
to the mantle. This suggests major differences exist between the two arcs, either in the
relative volume of the sedimentary inputs or in the way in which nitrogen is processed
within the subduction zone.

Figure 14: Schematic illustration showing N2 input and output fluxes for the Nicaraguan segment of the
Central American arc. Output fluxes are from Elkins et al. (2006). Input fluxes are from Li and Bebout
(2005). Inputs in red are IBM AOC inputs scaled to the Nicaragua margin.

Importantly, the AOC has not been considered as a significant carrier of nitrogen in
the CA margin. The study of the sedimentary input to the margin (Li & Bebout, 2005)
acknowledged that the AOC could contain some nitrogen, but without AOC samples
from the margin they estimated only 5 ppm N in the uppermost 2 km of crust and 0.5
ppm N in the remaining 3.5 km of crust (assuming only 5.5 km of crust, not 7 km as in
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IBM). Thus CA nitrogen inputs are dominated by the sedimentary units (sedimentary
nitrogen:AOC nitrogen ratio ~ 4), whilst in IBM the sediments are estimated to carry
only ~ 33% of the total subducted nitrogen (Li et al., 2007). The IBM AOC nitrogen flux
was scaled to Nicaragua and added to the sedimentary input to investigate whether
assuming generic AOC nitrogen concentrations has a significant effect on the recycling
calculations. These revised fluxes are shown in Figure 14 in red. Interestingly, the effect
on the AOC flux is relatively small, and the sedimentary flux still dominates in Nicaragua
(sedimentary nitrogen:AOC nitrogen ratio ~ 2). This is due to the high nitrogen
concentrations (up to 2382 ppm N) (Li & Bebout, 2005) in the sediments subducting at
the margin.
Volatile chemistry of Costa Rica is strikingly different from that of Nicaragua and
Guatemala. Costa Rican gases have low N2/He, high CO2/N2,exc. and negative δ15N,
reflecting a low sediment-derived nitrogen contribution, averaging only 37% (Zimmer et
al., 2004). The output/input ratio of nitrogen is less than unity, suggesting that more
nitrogen is subducted than is released through the arc (Zimmer et al., 2004). This could
indicate that a large amount of nitrogen is transported into the mantle, possibly due to
limited fluid availability under the arc, although the lack of a strong slab signature is
normally interpreted as reflecting a lack of sedimentary material reaching the sub-arc,
due to sediment offscraping or forearc devolatilization (Zimmer et al., 2004).
Thus in contrast to IBM, nitrogen systematics in CA appear to be dominantly
controlled by along-strike variation in external forcing functions, most notably slab dip.
However, the major difference between the two margins is in the recycling efficiency of
nitrogen. In CA little or no sedimentary nitrogen is carried into the mantle, despite the
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high nitrogen concentration in the sediments, and the margin acts as a ‘subduction
barrier’ for nitrogen (Fischer et al., 2002). In contrast, the most extreme output/input
ratios in IBM suggest that as much as 95% of sedimentary nitrogen, and by inference the
majority of AOC nitrogen, may be delivered past the arc into the mantle. The recycling
efficiency of AOC-derived nitrogen is poorly constrained in CA as the input flux is
largely unknown.
Despite the similarity in gas chemistry between IBM and Nicaragua samples, the
nitrogen fluxes, per year and per unit length of trench, are strikingly different. Taking the
average sediment-derived N flux of 7.4x108 mol a-1 (Elkins et al., 2006), converting to a
N2 flux (3.7x108 mol a-1) and dividing by the trench length (250 km) yields a flux of
14.8x105 mol a-1 km-1 N2 for Nicaragua. In contrast, taking the median flux calculated
above for IBM (0.64x108 mol a-1) and dividing by the trench length (2450 km) yields a
flux of 0.26x105 mol a-1 km-1 N2. Thus, despite the flux of nitrogen being sedimentdominated in both margins (71%S and 75%S in CA and IBM respectively) the trenchlength normalized flux from Nicaragua is almost 60x that of IBM. Comparing Nicaragua
solely to the flux from the Izu-Bonin segment of the arc, which has a stronger sediment
signature (0.47x105 mol a-1 km-1 N2), results in a factor of ~ 30 difference between
Nicaragua and IB. These simple calculations suggest a significant difference in the
efficiency of nitrogen release and/or transport from sediments beneath the two arcs.
The simplest explanation of these calculations would be that the efficiency of nitrogen
release is in fact not different, and that the CA margin simply subducts 60x more nitrogen
than the IBM margin. However, comparing published sediment subduction fluxes shows
that this is not the case. According to Li and Bebout (2005) the sediment column at CA
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subducts 11.8x106 g a-1 km-1, while the sediment column at IBM subducts 2.5x106 g a-1
km-1 (Sadofsky & Bebout, 2004). Thus while the CA margin does subduct more nitrogen,
it is only ~ 5x more, an order of magnitude less than the ~ 60x discrepancy in output flux.
Two further, potentially linked, possible explanations exist. Firstly, nitrogen may be
carried in different mineral phases, which breakdown differently, in the sediments at each
margin. Secondly, the different thermal regimes of the two margins may facilitate the
breakdown of mineral phases (whether they are the same or not) and release of nitrogen
more readily at the CA margin than IBM.
Nitrogen in subducted sediments occurs mainly as ammonium (NH4+), produced
during diagenesis of organic matter in oceanic sediments (Busigny et al., 2003). During
subduction metamorphism this NH4+ substitutes for K+ and is incorporated into micas
(particularly biotite) and feldspars (Bebout & Fogel, 1992). There is no evidence to
suggest that nitrogen in sediments at either margin is not carried in ammonium (Sadofsky
& Bebout, 2004; Li & Bebout, 2005). Therefore it appears as though different mineral
phase hosts for nitrogen is an unlikely explanation for the different fluxes.
This leaves the differing thermal regimes of the two margins as the most plausible
explanation for the different behaviour of nitrogen. The rapid subduction of old, cool
oceanic lithosphere at the IBM margin results in a relatively ‘cool’ subduction
environment and lower slab temperatures (Peacock, 2003). In contrast, the CA margin
subducts young, warm lithosphere, which results in a warmer subduction environment
and higher slab temperatures (Peacock, 2003). The Catalina Schist, California, is a
metasedimentary palaeoaccretionary suite containing units metamorphosed over a wide
range of prograde thermal histories, representing conditions from warm subduction
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zones, such as Cascadia or Central America, to relatively cool subduction zones, such as
IBM (Bebout, 1996). The higher-grade units of the Catalina Schist (metamorphosed at
epidote-amphibolite and amphibolite facies conditions) have experienced considerably
greater devolatilization and loss of fluid-mobile elements than the lower-grade units
(epidote-blueschist, lawsonite-blueschist, lawsonite-albite facies conditions) (Bebout,
1996). This suggests that in cool subduction zones fluid mobile elements may be far more
efficiently retained in sediments, at least to sub-arc depths if not beyond, whilst in
warmer subduction zones these elements are more likely to be lost beneath the forearc.
Therefore it seems likely that the greater sediment-derived nitrogen flux at the CA
margin relative to IBM is a result of the more efficient release of nitrogen from
sediments, as a consequence of the warmer thermal regime in that subduction zone.
This conclusion, that thermal regime may be the most important control on the
efficiency of nitrogen recycling, is one of the major findings of this study, and has
important implications for the global nitrogen budget. IBM is more typical of the
majority of modern subduction zones than CA, suggesting that most subduction zones
could act as conduits for large-scale recycling of nitrogen into the mantle, rather than
back to the atmosphere, with all of the associated implications for terrestrial nitrogen
cycling and OIB sources discussed above.
6.6. Slab Components and Transport Media
A secondary aim of this project, in addition to estimating mass balance of the arc system,
is to investigate in detail the sources of slab-derived nitrogen to constrain the transport
media from slab to mantle wedge. The mixing equations used above consider only a three
component system. However, as mentioned earlier, the recent work of Li et al. (2007) has
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identified the AOC as an important carrier of nitrogen, and it is likely that the simple
sediment end-member in the mixing equations is in reality a combination of AOC- and
sediment-derived nitrogen. Furthermore, the inference that only a single slab component,
an AOC-derived fluid phase, is involved in the genesis of Izu arc lavas, as inferred from
trace element and radiogenic isotopes (Taylor & Nesbitt, 1998; Hochstaedter et al., 2001;
Straub et al., 2004), suggests that this slab component must originate with an AOC-like
nitrogen isotope composition. Thus this section will address the issue of generating
positive δ15N values in this component, and the magmas subsequently derived from its
introduction to the mantle wedge.
The various models that attempt to account for the geochemical variability of IBM arc
front lavas (e.g. Elliott et al., 1997; Taylor & Nesbitt, 1998; Hochstaedter et al., 2001;
Straub et al., 2004) are based on trace element and radiogenic isotope data. Therefore,
Figure 15 shows plots of δ15N versus a variety of these trace element and radiogenic
isotope ratios. Each data point represents one of the islands for which, based on the
criteria described above, reliable nitrogen isotope data exist (Table 6), with the exception
of Hakone for which little geochemical data are available in the literature and is thus only
included in the plots of δ15N vs. La/Yb and La/Sm. For islands for which multiple gas
samples are available only the least air-contaminated sample is used. δ15N values are
available for the island of Shikinejima (Jin-1 & Jin-2) but no geochemical data are
available. Thus the δ15N value for sample Jin-2 is plotted against geochemical data for the
neighbouring island of Niijima. Error bars on δ15N values are 1σ uncertainties listed in
Table 6. Values for the various geochemical indices are the mean of between 2 and 7
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different rock samples. Errors are standard deviations (1σ) of that mean value. The full
data set is available in Appendix 1 and data sources are listed in Figure 15.
Figures 15a-c show a generally strong positive correlation between δ15N and
143

Nd/144Nd,

87

Sr/86Sr and Pb/Ce respectively. Additionally, Figures 15d-h show

generally strong negative correlations between δ15N and Th/Zr, La/Yb, Th/Nb, La/Zr and
La/Sm respectively.
Neodymium (Nd) is a light rare earth element (LREE), which is often enriched in
clastic sediments but is not thought to be highly mobile in fluids (e.g. Brenan et al., 1995;
Ayers et al., 1997). MORB/AOC and oceanic sediments have distinct

143

Nd/144Nd, with

Pacific oceanic crust at ODP Sites 1149 and 801 having average 143Nd/144Nd of 0.513149
and 0.513066 respectively, and the bulk sediment at Site 1149 having

Nd/144Nd of

143

Nd/144Nd indicates sediment addition

0.51234 (Hauff et al., 2003). Therefore, low
without transfer by hydrous fluids and high

143

143

Nd/144Nd represents either an unmodified

mantle wedge composition or addition of an AOC-derived component.
Strontium (Sr) is a fluid mobile element that can be used to track slab-derived hydrous
fluids. Oceanic sediments (87Sr/86Sr ~ 0.709) and AOC (87Sr/86Sr ~ 0.704) (Hauff et al.,
2003) have higher

87

Sr/86Sr than the MORB-like sub-arc mantle (87Sr/86Sr = 0.7027

(Salters & Stracke, 2004)). Combining Nd and Sr isotope ratios can distinguish between
high

87

Sr/86Sr in arc front volcanics (~ 0.7033-0.7036) produced by an AOC (if high

143

Nd/144Nd) or sediment contribution (if low 143Nd/144Nd) (Hochstaedter et al., 2001).
Lead is a fluid mobile element similar to Sr, and cerium is another of the LREE. Thus

Pb/Ce is a fluid mobile:fluid immobile element ratio that is commonly used to trace an
aqueous fluid component (Elliott, 2003).
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(A)

(B)

(C)

Figure 15 (a) – (c): Plots of δ15N versus 143Nd/144Nd, 87Sr/86Sr and Pb/Ce. Open symbols are Mariana data,
closed symbols are Izu-Bonin data. Mariana data are from Elliott et al. (1997). Izu-Bonin data are from
Taylor and Nesbitt (1998), except Hakone data from Fujimaki et al. (1982).
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(D)

(E)

(F)

Figure 15 (d) – (f): Plots of δ15N versus Th/Zr, La/Yb and Th/Nb. Symbols and data sources as for Figure
15 (a) – (c). Black and red arrows indicate the composition of the unmodified mantle wedge, and mantle
wedge plus fluid, respectively, as calculated by Hochstaedter et al. (2001) for the Izu-Bonin arc.
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(G)

(H)

Figure 15 (g) – (h): Plots of δ15N versus La/Zr and La/Sm. Symbols and data sources as for Figure 15 (a) –
(c). Black and red arrows indicate the composition of the unmodified mantle wedge, and mantle wedge plus
fluid, respectively, as calculated by Hochstaedter et al. (2001) for the Izu-Bonin arc.

The observed positive correlations between δ15N and 143Nd/144Nd, 87Sr/86Sr and Pb/Ce
strongly suggest that the sedimentary nitrogen signature (i.e. positive δ15N) is being
imparted to the sub-arc mantle by an aqueous fluid phase rather than a sediment melt.
This is in agreement with the models of Taylor & Nesbitt (1998), Hochstaedter et al.
(2001) and Straub et al. (2004), all of which concluded that there was no convincing
evidence for a sediment melt component involved in the genesis of Izu arc magmas.
Furthermore, the Nd and Sr correlations suggest that this fluid is derived from the AOC,
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as suggested by other workers on the basis of Pb and Sr isotopic ratios (Elliott et al.,
1997; Taylor & Nesbitt, 1998; Hochstaedter et al., 2001; Straub et al., 2004).
The elements niobium (Nb) and zirconium (Zr) are high field strength elements
(HFSE), and ytterbium (Yb) is a heavy rare earth element (HREE). All three are not
considered fluid mobile, nor are they enriched in pelagic sediments, and should thus have
abundances reflecting those of the sub-arc mantle (Pearce & Parkinson, 1993; Davidson,
1996). Thorium (Th) and lanthanum (La) are similarly not considered fluid mobile, but
they are typically enriched in pelagic sediments. Samarium (Sm) is another of the LREE.
Thus high Th/Zr, La/Yb, Th/Nb, La/Zr and La/Sm ratios (hereafter referred to as
sediment melt tracers) are interpreted as reflecting transport of Th and La to the mantle
wedge in a sediment melt phase (Elliott, 2003). Therefore if the positive δ15N values
observed in most IBM samples reflect addition of a sediment melt component, a positive
correlation would be expected between δ15N and the sediment melt tracers.
As shown in Figures 15d-h the opposite trend is observed: negative correlations exist
between δ15N and the sediment melt tracers. This supports the interpretation that nitrogen
is not being transported from the slab by a sediment melt. Furthermore, the lowest
sediment melt tracer ratios observed in arc lavas are close to the values calculated by
Hochstaedter et al. (2001) for the unmodified mantle wedge composition, as illustrated by
the black arrows in Figures 15d-h, suggesting very limited Th and La enrichment for the
most positive δ15N samples.
Despite these observations, however, several lines of evidence suggest that a sediment
melt is involved in the genesis of Izu arc lavas. Firstly, the composition of the fluid added
to the mantle wedge cannot sufficiently raise the abundance of Th or La. The red arrows
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in Figures 15d-h show the calculated composition of the mantle wedge after fluid
addition (Hochstaedter et al., 2001). The higher ratios that result after fluid addition
indicate that the fluid carries only limited quantities of Th and La, and clearly another
high Th and La component is required to produce the most extreme ratios observed. The
low fluid mobility of Th and La requires this component to be a melt (Elliott, 2003).
Secondly, the observed negative correlations are further evidence that the geochemical
variability observed in the Izu arc lavas is not the result of solely an aqueous fluid
component. If this were the case then the variable (albeit limited relative to Mariana arc
samples) enrichment of Th and La in Izu samples must be caused by limited aqueous
fluid transport of Th and La, and thus a positive correlation should exist between δ15N
and the sediment melt tracers for the Izu samples. That this is not the case, and that the
Izu samples fall along the same negative correlation trend as the Mariana samples, is only
explicable by invoking two slab-derived components for the Izu arc: one responsible for
creating the Nd, Sr, Pb and N ratios and abundances, and one responsible for raising the
abundance of Th and La.
Finally, Hochsteadter et al. (2001) admit that, using presently known fluid partition
coefficients, no quantitative model can simultaneously explain the behaviour of both
highly fluid-mobile and fluid-immobile elements, and specifically that not even the most
extreme fluid partition coefficients can explain volcanic front Th concentrations.
This conclusion is supported by the recent work of Ishizuka et al. (2007), who propose
for the first time, largely on the basis of Pb isotope data, that a sediment melt component
is involved in the genesis of Izu arc lavas south of 25ºN. To further test whether this
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component is also present in the northern arc, as suggested here, would require an
expanded database of δ15N values from the southern Izu-Bonin and Mariana arcs.
Thus it seems logical to conclude that, as with the Mariana arc, both an aqueous fluid
and a sediment melt are involved in generating the Izu arc lavas. Elliott et al. (1997)
concluded that the flux of the aqueous fluid component was relatively constant along
strike of the arc, and that the observed geochemical variability of the Mariana islands was
due to variable sediment melt addition. If this is also the case in the Izu-Bonin arc then
the observed variation in δ15N values probably represents either variable initial fluid δ15N
values inherited from the AOC and/or variable sediment overprinting of this initial value,
as suggested by the %AOC values (Table 6) (Section 6.3.). Alternatively, as explored
below, the fluid flux may not be constant throughout the arc.
Irrespective of the apparent ubiquitous involvement of a sediment melt, the major
implication of the interpretation that nitrogen is transported from the slab by an aqueous
fluid is that this fluid is interpreted to have originated in the AOC (Elliott et al., 1997;
Taylor & Nesbitt, 1998; Hochstaedter et al., 2001; Straub et al., 2004) and thus would be
expected to have a nitrogen isotope composition reflecting that source. The work of Li et
al. (2007) suggests that the average δ15N of the entire AOC is -5.2‰, although the upper
470 m of highly altered crust has average δ15N of -2.9‰. To generate δ15N values up to
+4.8‰ (or higher) requires that although the fluid is apparently sourced from the AOC,
the majority of the nitrogen being carried in that fluid is in fact derived from the
overlying sediments. This is explicable by the low nitrogen concentration in the AOC (<
20 ppm N (Li et al., 2007)) and the generally greater concentration in the overlying
sediments (5 - > 600 ppm N (Sadofsky & Bebout, 2004)) (Fig. 16).
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The observations and conclusions drawn above are valid for most of the IBM arc, but
the issue of the anomalous gas chemistry and nitrogen isotope values from Agrigan
require further explanation. The trace element and radiogenic isotope data suggest a large
contribution from the sediment melt component, which swamps the fluid signature
(Elliott et al., 1997). However, the gas chemistry and nitrogen isotope data suggest that
there is very little slab involvement at all. One explanation for this is that the sediment
melt carries very little nitrogen. However, the lack of slab nitrogen suggests that the fluid
component at Agrigan (present in equal amounts throughout the arc according to Elliott
et al. (1997)) also contains very little nitrogen. This could be because the sediment melt
has already removed it, but in that case Agrigan should have a strong sedimentary δ15N
signature. Another possibility is that the sedimentary nitrogen has already been removed
by some other process, such as sediment offscraping at the trench or forearc
devolatilization, due to large-scale external forcing functions as in CA. However, this is
difficult to reconcile with the data from Pagan, which is the next island to the south of
Agrigan. Alternatively, the amount of fluid may not be constant throughout the arc, and
the actual fluid flux at Agrigan may be very limited. This seems the simplest way to
explain the lack of a slab signature in Agrigan gases, but still offers no explanation as to
why the fluid flux should vary over such short length scales (Agrigan and Pagan are only
~ 50 km apart).
Figure 16 is an attempt to constrain a physical model that satisfies all of the
observations and inferences made above, as well as the requirement (identified by Elliott
et al. (1997) on the basis of

238

U-230Th disequilibria) that melt and fluid components are

kept distinct until added to the mantle wedge. Furthermore, sediment melt addition occurs
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> 350 ky prior to mantle melting to allow for

238

U/230Th secular equilibrium to be re-

established, but fluid addition occurs < 30 ky prior to mantle melting and eruption (Elliott
et al., 1997).

Figure 16: Schematic illustration of the physical model of sub-arc behaviour of nitrogen developed to
explain the observed geochemical data. Melting of subducted sediments occurs at depth, below the zone of
magma generation, and the partial sediment melt rises diapirically into the mantle wedge on timescales >
350 ky. Before melting occurs dehydration of the AOC strips nitrogen from the overlying sediments and
promotes partial melting in the mantle wedge enriched by earlier sediment melting. See text for full details.
After Elliott et al. (1997).

The model in Figure 16 is an adaptation of that proposed by Elliott et al. (1997) to
include the behaviour of nitrogen. In this model, the sediments on the slab melt at depth
(i.e. greater than the depth of dehydration and partial melting) and rise diapirically into
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the overlying mantle wedge. Dehydration of the slab occurs at ~ 120km depth, releasing a
fluid from the AOC. This fluid passes through the overlying sediment column into the
now sediment melt-enriched mantle wedge, stripping nitrogen from the sediments as it
goes, and triggering partial melting of the wedge. The upward movement of sediment
melt occurs over long enough timescales (> 350ky) to allow

238

U-230Th secular

equilibrium in the melt to be re-established, while dehydration of the slab is the trigger
for mantle melting and eruption, which occurs < 30ky after slab dehydration.
6.7. Sulphur Sources and Transport
Sulphur isotope values span a much larger range than expected, in particular extending to
highly negative values (-7.5‰ from Hakone). These highly negative values are restricted
to the fumarole samples from Hakone, which also have the highest H2S contents and
lowest SO2:H2S ratios of any samples (Table 1). Concentrations of SO2 and H2S are
controlled by the following equilibrium reaction:

3H2 + SO2 ↔ 2H2O + H2S

(13)

and isotope exchange may occur according to the reaction:

H234S + 32SO2 ↔ H232S + 34SO2

(14)

resulting in negative values where sulphur is lost and H2S dominates (Menyailov et al.,
1986).
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Similarly the most positive values (21-22‰) are restricted to geothermal well samples
where water was allowed into the sampling flask. This observation, along with the large
discrepancy between samples Sue-1/Kas-1 and Geo-1/Geo-2 from the same island leads
to the conclusion that the high values in geothermal well samples reflects overprinting of
the magmatic value by groundwater sulphate, as discussed earlier.
The limited remaining dataset provides some evidence that sulphur may behave in a
similar manner to nitrogen. δ34S values from Hachijojima gases and Niijima rocks are
around +5‰, suggesting a similar contribution of sedimentary sulphur, whilst δ34S values
for Agrigan gases and Uracas rocks are lower at ~ -1‰ and 0.7‰ respectively. Uracas
has very similar geochemical characteristics to Agrigan (Elliott et al., 1997), suggesting it
is also dominated by a sediment melt component. The sparse results for these four islands
are consistent with previous studies showing highly variable δ34S values from the
Mariana segment of the arc (Woodhead et al., 1987; Alt et al., 1993) and support
previous suggestions that arc volcanics (both rocks and gases) can contain a sedimentary
component transported by an aqueous fluid, as demonstrated by positive correlations
between δ34S and

87

Sr/86Sr, LILE and LREE (Alt et al., 1993). However, a more

comprehensive dataset from the IBM is required to confirm this.
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7. Future Work
This section aims to briefly identify future research directions that have arisen during this
work or that could not be completed in the timeframe available. This includes work to
both expand the existing data presented here as well as incorporate data from new
sampling media and analytical techniques.
The first priority of any future work would be the acquisition of a more complete
dataset of sulphur isotope values. This could involve attempting to refine the Kiba
technique used here, to allow extraction of sulphur from low concentration samples, or
alternatively the development of a technique to analyze sulphur by ICP-MS in the
Radiogenic Isotope Laboratory at UNM. This work would allow testing of the ideas on
sulphur sources and transport media discussed above.
The second focus of any future work would be the separation of olivine phenocrysts,
from the rock samples already collected, for nitrogen isotope analysis. These analyses
would be conducted in Yuji Sano’s laboratory at the University of Tokyo, Ocean
Research Institute. A recent study has already demonstrated the suitability of olivine
separates for such work, showing that they record the same magmatic values as gas
samples from nearby fumaroles (Fischer et al., 2005). Furthermore, mineral separates
have the advantage over gas samples of not being susceptible to air contamination. Rock
samples are currently available for a greater number of islands in the IBM chain
(especially the Mariana segment) than those for which reliable gas samples are available.
Thus this work would significantly expand our coverage of the arc, allowing more
thorough testing of the ideas on nitrogen sources and transport media presented above.
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The final focus of any future research would aim to characterize the δ18O systematics
of olivine phenocrysts collected from the IBM arc. This work could feasibly be carried
out in the Stable Isotope Laboratory at UNM. A similar study of CA rocks demonstrated
the potential for δ18O values to be used as tracers of different slab-derived components
(Eiler et al., 2005). Thus such a dataset could provide a means to distinguish sediment
melts from aqueous fluids, and test the hypothesis of nitrogen (and sulphur) transport in
an aqueous fluid phase.
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8. Conclusions
The following findings are the major conclusions from this study:
 Volcanic and hydrothermal gases from eight centres along the active front of the
Izu-Bonin-Mariana arc are typical of subduction zone volcanoes, and are
dominated by H2O, CO2 and S species. The majority of samples have high N2/He
and low CO2/N2,exc., reflecting addition of sedimentary nitrogen from the
subducting slab. The only exception to this is the island of Agrigan in the Mariana
arc, which has mantle-like characteristics of low N2/He and high CO2/N2,exc..
 The redox state of the gases suggests that most samples equilibrated at depth in a
single vapour phase at temperatures of 100 – 300ºC, although at shallower levels a
two-phase, vapour and liquid, system may exist.
 Nitrogen isotope values are generally positive, reaching a maximum of +5.5‰,
reflecting a large contribution of

15

N-enriched sedimentary nitrogen. Again the

only exception is the island of Agrigan, which has negative values, more
indicative of a mantle wedge source for the nitrogen.
 Applying a simple algorithm to calculate the relative proportions of air, mantle
and sedimentary nitrogen in the samples shows that an average of 34% of nitrogen
is sediment-derived, corresponding to 75% in a sediment-mantle binary mixture.
 Nitrogen fluxes from the arc calculated by three different methods are 0.12x108
mol a-1 N2, 0.64x108 mol a-1 N2 and 1.11x108 mol a-1 N2. These fluxes represent
2%, 10% and 17% of the total input flux or 5%, 29% and 51% of the sedimentary
input. Fluxes for the Izu-Bonin segment of the arc alone are 0.085x108 mol a-1 N2,
0.49x108 mol a-1 N2 and 0.815x108 mol a-1 N2. These represent 3-29% of the total
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input and 9-87% of the sediment input. These calculations suggest that a large
volume of nitrogen is transported into the mantle.
 This conclusion regarding nitrogen recycling is very different from that
concerning the Central American arc. Fluxes in CA are far higher, and it is
suggested here that the thermal regime of the subduction zone is the primary
control on the efficiency of nitrogen recycling at convergent margins.
 Positive correlations exist between δ15N and tracers of a slab-derived aqueous
fluid component (143Nd/144Nd,

87

Sr/86Sr and Pb/Ce), and negative correlations

exist between δ15N and tracers of a sediment melt component (Th/Zr, La/Yb,
Th/Nb, La/Zr and La/Sm). This is interpreted as reflecting the transport of
nitrogen from the slab in an aqueous fluid phase that originates from dehydration
of the altered oceanic crust. In contrast to previous trace element and radiogenic
isotope studies, it is proposed here that both an aqueous fluid and a sediment melt
are involved in the genesis of Izu arc magmas.
 A limited set of sulphur isotope values suggest that sulphur may also be
transported from subducted sediments by an aqueous fluid phase, but more data is
required to test this hypothesis.
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Appendices
Appendix 1: Geochemical data used in the construction of plots in Figure 15.
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